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6ABSTRACT
The role of the fossil record in Natural Sciences and its relevance in the investigation of 
the tempo and mode of evolution have been commonly split between a stratigraphic 
approach, focusing on the occurrence of the fossil forms along the geological series, and a
phylogenetic approach, focusing on the systematic hierarchy inferred from the analysis of 
the biological diversity. A recently introduced methodology, derived from applications of 
the Bayesian inference in molecular phylogenetics, aims to integrate the stratigraphic and 
morphological information in phylogenetic analysis of fossil clades. In this thesis, a 
modified version of this new methodology is introduced and applied to the analysis of 
extinct clades of marine and terrestrial vertebrates. This approach has been compared to 
non-integrative methodologies, in particular, to a posteriori combination of cladistic 
analyses with the stratigraphic distribution of the recovered clades. Furthermore, novel 
applications of this phylogenetic method beyond the mere reconstruction of ultrametric 
topologies have been explored and discussed. 
This thesis is subdivided into two main research lines (named “Project 1” and “Project 2” 
below) that partially overlap in their contents and aims: 
 Project 1 introduces and describes in detail the Bayesian inference method applied 
in all analyses included in this thesis, and explores possible fields of application for 
this methodology beyond the mere reconstruction of ultrametric topologies. In the 
first study of this Project, the distribution of 1549 morphological features among 121
Mesozoic birds and their closest relatives was analyzed to produce an ultrametric 
framework for the investigation of size trends and evolutionary rates. The second 
study of this Project describes a new theropod dinosaur from the Lower Cretaceous
of New South Wales (Australia) and explores palaeogeographic applications of the 
novel Bayesian method. A time-calibrated phylogeny of theropods, based on 
Bayesian inference of a data set of both morphological and stratigraphic data, was 
elaborated and used as ultrametric framework for palaeobiogeographic analyses at 
the continental scale. The third study of this Project explores the application of the 
novel Bayesian phylogenetic method in palaeoecological inference. In this study, 
the phylogenetic affinities and the evolutionary rates of the two marine reptiles cur-
7rently known from the Rosso Ammonitico Veronese Formation (RAVF) of Northern 
Italy were inferred using Bayesian phylogenetics. This study also introduces a new 
pliosaurid taxon, Anguanax zignoi Cau and Fanti, 2015. The evolutionary patterns 
(rate of phenotypic change and timing of cladogenesis) shared by these two Italian 
reptiles were compared with the palaeogeographic and tectonic evolution of the 
RAVF to infer the environmental conditions that drove the evolution of these rep-
tiles.
 In Project 2, the morphological approach was combined with taphonomic and strati-
graphic analyses to estimate the vertebrate diversity in several  Lower Cretaceous 
fossil localities from southern Tunisia. In fact, a significant part of this Thesis fo-
cuses on the results of field activities led in Southern Tunisia in November-Decem-
ber 2014 by an Italian-Tunisian palaeontological team that prospected a number of 
Lower Cretaceous fossil localities. One aim of this Project is to test whether and 
how much the collected disparity in the sample was due to non-phylogenetic phe-
nomena (in particular, taphonomic, ontogenetic and palaeoecological factors). The 
first case study focuses on predatory dinosaur disparity and concludes that the ana-
lysis of morphological diversity alone may lead to taxonomic inflation when not as-
sociated to accurate taphonomic analysis. In addition, the Tunisian record of the 
clade Ornithischia is analysed for the first time. The third research pertaining to this 
Project focuses on the taxonomy of the dipnoan sarcopterygians: as in the study on 
the theropod material, data support that the taxonomic composition of the sample 
may be inflated when phylogenetic and morphological analyses are not integrated 
with taphonomic and stratigraphic investigations. The fourth research study of this 
Project focuses on the osteology and affinities of the Tunisian sauropod dinosaur 
Tataouinea hannibalis Fanti et al., 2013, including new material collected from the 
type locality. A time-calibrated phylogeny of sauropods based on Bayesian infer-
ence on a data set of both morphological and stratigraphic data was produced and 
used as framework for palaeobiogeographic analyses at a continental scale. The 
most significant specimen collected from southern Tunisia is the holotype of a new 
species of marine crocodylomorph, Machimosaurus rex Fanti et al., 2016: this taxon
8is described and its evolutionary affinities reconstructed in the fifth part of this Pro-
ject.  
This novel Bayesian phylogenetic method focusing on fossil taxa represents an innovative 
and useful tool in the following research areas, all of which expand the original aims of ap-
plication for the method (i.e., the reconstruction of phylogenetic relationships among fossil 
taxa and a quantitative and testable inference of cladogenetic timing):
1. Quantitative estimation of the rates of phenotipic evolution among fossil lineages. 
The identification of heterogeneity in morphological transitions, and the estimation 
of “hot spots” of phenotype evolution, provide a testable framework for the investig-
ation of the tempo and mode of Life history in the geological past. 
2. Realization of ultrametric frameworks for palaeobiogeographic inference, in particu-
lar for analyses requiring branch lengths in ancestral area reconstruction. This 
method provides a quantitatively-defined base for the integration of palaeogeo-
graphic models in the reconstruction of clade history.
3. Comparison between the phylogenetic patterns among distinct lineages sharing  
palaeogeographic and stratigraphic ranges. This approach allows for testing wheth-
er environmental evolution constrained the biological evolution along shared traject-
ories.
4. Inference on the taxonomic diversity among a sample of individuals collected from 
the same stratigraphic unit. This application of Bayesian phylogenetic methods 
uses, as terminal units,  individual specimens instead of clades. This approach al-
lows for testing taxonomic hypotheses in the fossil record.
5. Auxiliary and independent test of stratigraphic relationships among fossil localities 
sharing the same fossil groups. This application stems from the previous approach, 
and provides testable hypotheses on the relative stratigraphic relationships among 
a series of fossil-bearing localities.
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RIASSUNTO
Il ruolo del record fossile nelle Scienze Naturali e la sua rilevanza nell’indagine del tempo 
e modo dell’evoluzione sono generalmente distinti tra un approccio stratigrafico, che si 
focalizza sulla sequenza delle forme fossili lungo la serie geologica, e un approccio 
filogenetico, che si focalizza sulla gerarchia sistematica derivante dall’analisi della diversità
biologica.
Una metodologia introdotta recentemente, derivata dall’applicazione della inferenza 
Bayesiana nella filogenetica molecolare, si propone di integrare simultaneamente 
l’informazione stratigrafica e morfologica nell’analisi dei cladi fossili. In questa tesi, è 
introdotta una versione modificata di questa nuova metodologia ed è applicata all’analisi di
cladi estinti di vertebrati marini e terrestri. Questo approccio integrativo è stato confrontato 
con metodologie non-integrative, in particolare con la combinazione a posteriori dei 
risultati delle analisi filogenetiche con la distribuzione stratigrafica dei cladi ottenuti. Inoltre,
questa tesi ha esplorato nuove applicazioni di questo metodo filogenetico aldilà della mera
ricostruzione di topologie calibrate stratigraficamente (ultrametriche). 
Nello specifico, sono state sviluppate analisi filogenetiche nell’ambito di due linee di 
ricerca principali, i cui obiettivi e ambiti in parte si sovrappongono: 
 Il Progetto 1 introduce e descrive in dettaglio il metodo di inferenza Bayesiana se-
guito dalle successive analisi applicate ai casi studio presentati in questa tesi. Nel 
primo studio di questo progetto, il metodo è applicato per l’analisi della distribuzione
di 1549 caratteri morfologici in un campione di 121 taxa tra uccelli mesozoici e loro 
parenti prossimi, per determinare tendenze nella variazione della taglia corporea, e 
per determinare i tassi evolutivi lungo una filogenesi calibrata sul tempo. Il secondo 
studio incluso in questo Progetto applica  la nuova metodologia filogenetica nell’in-
ferenza di pattern paleogeografici. Questo approccio è stato applicato nello studio 
di un nuovo dinosauro teropode dal Cretacico Inferiore del Nuovo Galles del Sud 
(Australia). Una filogenesi calibrata cronologicamente dei teropodi, basata sull’infer-
enza Bayesiana applicata ad un insieme di dati sia morfologici che stratigrafici, è 
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stata elaborata ed utilizzata come base per una analisi paleobiogeografica alla 
scala continentale. Infine, il terzo studio esplora l’applicazione di questa nuova met-
odologia nell’inferenza di pattern paleoecologici. Nello studio, sono ricostruite le af-
finità filogenetiche ed i tassi evolutivi dei due rettili marini attualmente noti dalla 
Formazione del Rosso Ammonitico Veronese (RAVF) dell’Italia settentrionale. 
Questo studio inoltre introduce un nuovo taxon di pliosauride: Anguanax zignoi Cau
e Fanti, 2015. I pattern evolutivi (tasso di cambiamento fenotipico e datazione degli 
eventi cladogenetici) condivisi da questi due rettili italiani sono confrontati con 
l’evoluzione paleogeografica e tettonica della RAVF per ricostruire le condizioni am-
bientali che influenzarono l’evoluzione di questi due taxa.
 Nel Progetto 2, l’approccio morfologico è stato integrato alle analisi tafonomiche e 
stratigrafiche per stimare la diversità a vertebrati da una serie di località fossilifere 
del Cretacico Inferiore della Tunisia. Una parte significativa di questa tesi è stata 
dedicata ai risultati delle attività sul campo nella Tunisia meridionale, in particolare, 
quelle svolte tra il novembre ed il dicembre 2014, da parte di una ricerca itali-
ano-tunisina che ha prospettato numerose località fossilifere risalenti al Cretacico 
Inferiore. Uno degli obiettivi della serie di studi inclusi in questo Progetto è stato di 
testare se e come la disparità campionata fosse dovuta a fenomeni non-filogenetici 
(in particolare, fattori tafonomici, ontogenetici e paleoecologici). Il primo studio di 
questo Progetto si è focalizzato sulla disparità nei dinosauri predatori, ed ha 
mostrato che le analisi morfologiche, se usate senza l’integrazione dell’analisi tafo-
nomica, tendono a sovrastimare la diversità tassonomica nel campione. Sempre 
nell’ambito di questo progetto, il record fossile tunisino del clade Ornithischia è stata
analizzato e discusso. Nella terza parte di questo Progetto, è stata analizzata la di-
versità tassonomica dei pesci dipnoi rinvenuti nelle varie località del Cretacico In-
feriore tunisino. In analogia con i risultati dello studio sui resti di teropodi, questo 
studio conclude che la diversità dei dipnoi è sovrastimata qualora le indagini morfo-
logiche e filogenetiche non siano integrate con l’approccio stratigrafico e tafo-
nomico. Una quarta ricerca di questo Progetto si è focalizzata sulla osteologia e af-
finità del dinosauro sauropode tunisino Tataouinea hannibalis Fanti et al., 2013, con
l’aggiunta di nuovo materiale raccolto di recente dalla località tipo. Una filogenesi 
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dei sauropodi calibrata cronologicamente è stata elaborata ed utilizzata come base 
per analisi paleobiogeografiche alla scala continentale. L’esemplare più significativo
raccolto nelle campagne scavo in Tunisia del 2014 rappresenta l’olotipo di una 
nuova specie di crocodilomorfo marino, Machimosaurus rex Fanti et al., 2016: in 
questa tesi, il taxon è descritto e le sue affinità filogenetiche ricostruite nella quinta 
parte del Progetto. 
Questo nuovo metodo di inferenza Bayesiana focalizzato sui taxa fossili rappresenta 
un innovativo strumento la cui utilità può essere estesa ai seguenti filoni di ricerca, 
posti oltre gli obiettivi originali del metodo (ovvero, la ricostruzione di relazioni filogen-
etiche tra i taxa fossili e l’introduzione di un metodo quantitativo e testabile per stimare i
momenti di cladogenesi):
1. Stima quantitativa dei tassi di evoluzione fenotipica lungo le linee fossili. L’identi-
ficazione di eterogeneità nelle transizioni morfologiche, e la stima di “punti caldi” 
nell’evoluzione fenotipica, può produrre dei framework testabili per l’investigazione 
dei tempi e modi dell’evoluzione biologica nel passato geologico.
2. La creazione di basi ultrametriche per l’inferenza paleobiogeografica, in particolare 
per quelle analisi (che utilizzano l’inferenza Bayesiana) che richiedono la lunghezza
dei rami per la ricostruzione delle aree ancestrali. Questo metodo fornisce quindi 
basi quantitative per l’integrazione dei modelli paleogeografici nella ricostruzione 
della storia dei cladi.
3. Comparazione tra i pattern filogenetici tra linee distinte che condividono la 
medesima distribuzione paleogeografia e stratigrafica. Questo approccio permette 
di testare se l’evoluzione ambientale vincoli la traiettoria dell’evoluzione biologica.
4. Stima della diversità tassonomica in un campione di individui fossili raccolti da una 
medesima unità stratigrafica. Questo approccio introduce un nuovo metodo per te-
stare ipotesi tassonomiche nel registro fossilifero.
5. Test ausiliario ed indipendente per le relazioni stratigrafiche tra località che condi-
vidono il medesimo gruppo fossile.
13
Page left blank
14
INTRODUCTION
“By itself, a geneology is a very incomplete statement of evolution; and a purely 
cladistic statement of descent is therefore even more incomplete” Szalay (1977) 
Founded in 2008, the International Standard Text Code (ISTC) system is a global 
identification system for textual works. Among all possible candidates to be honoured with 
the first registration code, the ISTC developers have chosen “On the Origin of Species by 
Means of Natural Selection” by C.R. Darwin. In his most famous and influential work, 
Darwin (1859: p. 117) included only one single figure, a schematic representation of the 
branching pattern that leads origin to new species from one or more ancestral forms, 
according to the processes that he discussed as the natural drivers of biological diversity. 
As explained by Darwin (1859: pp. 116-126), the diagram shows a series of successive 
sampling moments, regularly spaced along the geological time. At each sampling moment,
the biological diversity is represented by the species distinct at that moment, shown as the 
intersections between the phyletic tree and the time horizon. The position and distribution 
of the species at each moment reflected two main factors: the morphological diversification
from the ancestors, and the rate of extinction occurred between two consecutive sampling 
moments. This branching diagram, illustrating at the same time a biological pattern and a 
chronological succession along the geological past, is the first modern depiction of a 
phylogeny. Since Darwin’s work (1859), phylogenetic diagrams have been represented as 
branching patterns in an abstract space, the latter defined by two or more axes, describing
morphological variation (or, in general, variation among intrinsic features of taxa) and time 
(usually, the geological time). According to the Darwinian paradigm, phylogenetic 
hypotheses are thus testable models on the causes of biological diversity along the 
geological time.
Phylogenetic Systematics 
The advent of the phylogenetic systematics (Hennig 1965, 1975) as the standard 
methodology for evolutionary inference marks a division from the traditional approach 
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(e.g., Simpson 1944) that, since Darwin’s work, had been integrating morphological and 
stratigraphic information in phyletic hypotheses. The aim of the phylogenetic systematics 
(often, improperly named as “cladistics”) is to provide a testable scenario on the 
relationships among a set of taxa, a scenario that describes and explains causally the 
distribution of derived features shared by selected taxa. This method thus stems directly 
from the Darwinian concept of evolution as “descent with modification”. Nevertheless, no 
information from the stratigraphic occurrence of analysed taxa is included in the “cladistic” 
approach (Hennig 1965, Farris 1976). Accordingly, any assumption on taxonomic 
relationships based on stratigraphic distribution is a priori excluded from the analyses, as it
may be biased by the incompleteness of the fossil record. Stratigraphic data are therefore 
coupled and compared with the phyletic patter after interpretation of morphological 
information alone. Although such strictly morphological approach is adequate in 
phylogenetic analysis of living forms (that can be considered as coeval, thus having a null 
amount of stratigraphic diachrony), it results problematic when fossil forms are included (or
are the solely analysed taxa). Stratigraphic diachrony among the taxa may in fact provide 
information on their phylogenetic relationships. It may indicate for instance that one or 
more forms are ancestral to others, a condition a priori excluded by analyses using 
exclusively contemporary taxa. Furthermore, since the branches leading to sister taxa with
different stratigraphic positions must have different lengths, this implies that the relative 
morphological disparity among sister taxa is also a by-product of their different 
chronological distance (which means, anagenetic divergence) from their last common 
ancestor. This has significant implications for any method trying to infer ancestral states at 
nodes from the diversity among the terminal taxa analysed. 
In phylogenetic systematics, the ancestor-descendant relationships is considered as a 
non-testable hypothesis (Farris 1976), as it cannot be distinguished from unresolved (soft) 
polytomies due to absence of information (Gould 2002). Nevertheless, if direct ancestor-
descendant couples cannot be affirmed by phylogenetic systematic method, they can be 
falsified by character analysis. Furthermore, even if a taxon cannot be considered 
unambiguously as ancestral to others included in the same analysis, it may show a 
combination of plesiomorphic features recalling the hypothetical common ancestor. The 
hypothesis that some taxa may provide information on the ancestral condition of others, 
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even if not representing their direct ancestors, may be either supported or challenged by 
integrating the stratigraphic distribution of analysed forms. Thus, stratigraphic distribution 
can be used as discriminant parameter among competing phyletic scenarios when 
introduced with defined criteria (Szalay 1977). 
To summarise, although the omission of hypotheses on relationships based on 
stratigraphic information is justified in the analysis of morphological diversity, it represents 
a relevant loss of information once this morphological pattern aims to  provide an 
estimation of the tempo and mode of the phyletic phenomenon, in particular in 
palaeontology.  
A posteriori stratigraphic calibration of cladograms 
Although stratigraphic data are not taken into account during the tree search strategy used
to infer evolutionary patterns in phylogenetic systematics, they are commonly  
incorporated a posteriori in order to integrate the cladogenetic diagram with the geological 
record (in particular, the chronostratigraphic distribution of the fossil forms). Stratigraphic 
calibration of a phylogenetic diagram, the latter based on analysis of morphological 
features (cladogram), is a common practice in recent palaeontological literature. The 
method follows two steps (discussed by Lee et al. 2014a):
1. Given a phylogenetic diagram inferred by phylogenetic analysis of a set of taxa 
(most commonly, the strict consensus of the most parsimonious topologies found 
using parsimony as tree search strategy), the oldest known age of the members of 
each recovered branch is used as “hard” minimum age for each lineage.
2. Divergence times are then either: (i) enforced onto the rest of tree in order to 
minimize ghost lineages, or (ii) calibrated on an older stratigraphic position inferred 
according to non-phylogenetic criteria.
As outlined by Lee et al. (2014a), the most significant shortcoming of a posteriori 
stratigraphic calibration of cladograms is the arbitrariness and subjectivity in the estimation
17
of ghost lineage extents and durations. From an epistemological point of view, such 
arbitrariness results in several challenges in both reproduction and falsification of historical
scenarios based on such integration of the phylogenetic and stratigraphic information.
Quantitative integration of morphological and stratigraphic data using Bayesian 
inference
The application of Maximum Likelihood and Bayesian inference methods in phylogenetic 
analysis has been increasingly and widely used over the last two decades (see review by 
Lee and Palci 2015). Most of these analytical methods have focused on molecular data 
and thus are used in neontological phylogenetics (e.g., Yang and Rannala 1997). With 
minor remarkable exceptions, fossils lack soft tissue remains and moreover lack remnant 
of genetic material. This preservational bias implies that phylogenetic analyses focusing 
exclusively on fossil taxa must refer to the morphological information, and thus cannot be 
directly integrated with analyses that used exclusively the genetic/molecular data. 
Furthermore, phylogenetic inference based on genetic/molecular information cannot be 
applied to an extinct speciose clade (e.g., Conodonta), or when the clade is represented 
by a single pauci- or monospecific crown group and a more diversified and speciose stem 
group (e.g., Rhynchocephalia). 
Lewis (2001) introduced a model for the phylogenetic analysis of the morphological 
information following the Maximum Likelihood approach consequently extended to the 
Bayesian framework. The original intent of this method was to apply a probabilistic 
approach to the reconstruction of undated phylogenies (not incorporating stratigraphic 
information in the tree-search inference), thus representing an alternative to the widely-
used approach based on parsimony. During the last decade, this approach has been 
progressively used in “total evidence” analyses which integrate molecular and 
morphological data combining extant and extinct forms. Furthermore, age-related 
information for taxa have been integrated to set age constraints for the duration of extant 
lineages inferred mostly from genetic information (see Ronquist et al. 2012b). More 
recently, this approach has been extended to the study of the phylogenetic relationships 
among sets of exclusively extinct taxa, thus using exclusively the morphological data (Lee 
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et al. 2014a). As noted above, in the maximum parsimony methods, geochronological 
information can only be used a posteriori, by comparing the congruence of alternative 
topologies (inferred from morphological data) and the stratigraphic record. In contrast, 
geological dates can be used simultaneously with morphological data in the Bayesian 
framework, as age priors that inform on the amount of changes leading to dated taxa, thus 
discriminating among alternative topologies according to their congruence with the 
stratigraphic sequence of taxa (Ronquist et al. 2012b, Lee et al. 2014a). 
As the Bayesian phylogenetic approach outperforms maximum parsimony when applied to
discrete characters that are evolving at a high rate and when there are missing data 
(Wright and Hillis 2014, O’Reilly et al. 2016), it is expected to produce more reliable 
hypotheses of relationships for the fossil record than the maximum parsimony analysis 
(Dembo et al. 2016).
19
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MATERIAL AND METHODS
For this Ph. D. research project, taxonomic identification criteria and phylogenetic 
methodologies have been applied to different case studies. Most of these studies included 
phylogenetic analysis as the main investigation methodology, or included phylogenetics as
one of the analytical tools, integrated with other methodologies. Both parsimony (excluding
non-morphological information) and Bayesian methods (integrating morphological 
information with other non-biological data, in particular, stratigraphic data) were used as 
phylogenetic inference strategies, and the alternative results of analyses using these 
methods were compared and discussed. In particular, a Bayesian phylogenetic 
methodology, modified from the method described by Lee et al. (2014a), has been 
introduced here and applied to the analysis of a series of extinct clades of vertebrates. In 
order to explore the alternative applications of this phylogenetic methodology, the thesis 
has also tested a series of case studies focusing on the vertebrate fossil assemblages 
from several Lower Cretaceous localities from Southern Tunisia. 
Taxon sampling
Although often not explicitly stated, any phylogenetic analysis is a test on the congruence 
between observed data and a series of systematic hypotheses. These hypotheses refer to 
the taxonomic units included (and, implicitly, those excluded) and the homology among 
sets of features present in the taxonomic sample. The taxonomic sampling is the subset of
systematic hypotheses that defines the taxonomic axis explored by any phylogenetic 
analysis. I define two main forms of taxon sampling in phylogenetic analyses. The first is 
the assumption on the monophyly of the analysed ingroup (i.e., the set of taxa object of the
analysis) relative to the outgroup (i.e., those included taxa, assumed as not belonging to 
the ingroup and used as root for character polarity inference). Although ingroup monophyly
is usually one of the most explicitly discussed among the taxon sampling hypotheses, the 
possible exclusion of some members of that monophyletic clade from the ingroup is rarely 
discussed. The second main set of hypotheses on taxon sampling is relative to the 
monophyly and composition of each terminal taxon itself. This second set of hypotheses is
rarely discussed in depth. It is noteworthy that only in analyses using exclusively single 
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individuals/specimens as terminal taxa (e.g., Tschopp et al. 2015) the latter are equivalent 
to proper taxonomic “data”.
Protocol of the phylogenetic and palaeobiogeographic analyses using the Bayesian 
inference
This approach is based on the method originally developed by Yang and Rannala (1997) 
for the analysis of molecular data, then extended to discrete morphological characters by 
Lewis (2001). See a more detailed procedure description in Dembo et al. (2016), here 
briefly summarised. Within the Bayesian framework, obtaining the posterior probability of a
phylogenetic topology involves solving the equation: 
P(T,θ| X) = P(X|T, θ) P(T, θ) / P(X). 
The term P(T,θ| X) represents the posterior probability of a particular topology T and the 
prior parameters θ given the data X. The likelihood function, P(X|T, θ), is the probability of 
observing the data given the candidate topology T and the prior parameters θ. The second
term, P(T, θ), is the prior probability of the tree and the prior parameters. P(X) is the 
probability of the data across all possible topologies and parameter values. Since available
information on the priors represented by the second term in the numerator - P(T, θ) - is 
often not available, it is assumed that most topologies and parameter values are given 
equal prior probabilities. The denominator P(X) indicates that a Bayesian phylogenetic 
analysis returns a point probability for each topology and set of parameter values, which 
means that, theoretically, the sum of these point probabilities across all possible trees and 
parameter values must be 1. It should be noted that the overall prior probability value of 
the data needed to calculate the posterior probabilities cannot be determined directly, 
because the number of possible combinations of trees and parameter values approaches 
infinity. Therefore, the posterior probabilities needed to evaluate the topologies are 
approximated using the sampling “Markov chain Monte Carlo (MCMC)” method (Yang and 
Rannala 1997) that estimates the posterior probability of a topology according to its 
frequency in a distribution of sampled topologies. The sampled topologies are evaluated 
and retained in this distribution following an iterative process: each time a new topology 
and/or set of parameter values is proposed, the resulting likelihood is multiplied by the 
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prior probability of the topology and associated parameter values. Then, that product is 
compared to the corresponding value of the previously retained topology. If the product is 
higher than that of the previous topology, the new topology and/or set of parameter values 
is retained. If it is worse, it is retained proportionally to its similarity with the values of the 
previous topology. Every time a topology is retained, the process produces a “generation” 
in a “chain” and the retained topology becomes the reference for comparison in the 
subsequent step. This procedure is usually iterated over millions of steps, with best 
combinations of topologies and parameter values being retained at higher frequencies in 
the sample, suboptimal ones retained at lower frequency, and very poor ones ignored. 
Being the starting topology of each analysis usually defined randomly, those trees 
sampled early in a chain tend to poorly fit the data: these early generations are usually 
discarded as “burn-in”. Visual representations of the posterior probability values obtained 
progressively by the chain allow to estimate the extent of the burn-in, the latter usually 
corresponding to a wide initial excursion of the values that precedes the stabilization of the
results along a narrower “plateau” region reached toward the end of the analysis. Several 
millions of trees are produced and evaluated during the sampling procedure. From this 
large sample, a subset is retained, sampling periodically from the whole distribution, to 
obtain a “posterior MCMC distribution”. This final distribution is analysed to infer parameter
values, prior probabilities and likelihoods estimations for all elements of the clades 
recovered. The robustness of a phylogenetic hypothesis is thus estimated according to the
amount and frequency of topologies present in the final distribution and supporting that 
hypothesis.
Bayesian analyses integrating the morphological data and stratigraphic data were 
performed with BEAST (Bayesian Evolutionary Analysis Sampling Trees, Drummond et al.
2012) following the method described in the Supplementary Material of Chapter 4 of this 
thesis. Stratigraphic data and age constraints for each terminal were obtained primarily 
from the Paleobiology Database (http://paleobiodb.org/) and from the literature, using 
known geochronological age ranges for the stratigraphic stages in which the taxa were 
found, or the mean age value of the stages associated with those formations. In all 
analyses, rate variation across traits was modelled using the gamma parameter, and rate 
variation across branches was modelled using an uncorrelated relaxed clock (following 
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Lee et al. 2014a). The analyses used four replicate runs of usually 10/40 million 
generations each (values depending on the size of the data set and the computation time 
involved), with sampling every 1000/4000 generations. Burnin was set at initial 20% of the 
sampled topologies, and the Maximum Clade Credibility Tree (MCCT) of the post-burnin 
samples was used as framework for phyletic reconstructions. 
In a subset of the analyses included in this thesis, the topologies recovered by the 
Bayesian analyses were used as frameworks for palaeobiogeographic reconstruction, 
inferring ancestral geographic placement at the nodes of the topologies using RASP 
(Reconstruct Ancestral State in Phylogenies, Yan et al. 2011). The distribution range of the
included taxa was a priori divided into discrete areas. Each terminal taxon was scored for 
the area character state(s) according to the geographic area(s) where it was recovered. 
Biogeographic inferences on the phylogenetic frameworks were obtained by utilising two 
models included in RASP: Statistical Dispersal-Vicariance analysis (S-DIVA) and Bayesian
Binary Markov Chain Monte Carlo (BBM) analysis. S-DIVA and BBM methods suggest 
possible ancestral ranges at each node and also calculate probabilities of each ancestral 
range at nodes. The S-DIVA and BBM analyses performed ten Markov Chain Monte Carlo 
analyses of 50 million generations, sampling every 100 trees. State frequencies were set 
as fixed and among-site rate variation was set using the gamma parameter. The initial 
20% of the recovered trees were discarded (analogous to the burn-in in the tree-search 
analyses in BEAST, described above) and the remaining trees were used to infer ancestral
range distribution at nodes. In the S-DIVA analyses, direct range dispersal constraints 
were enforced, excluding those routes considered as not plausible based on published 
literature on tectonic and palaeogeographic reconstructions.
Data sets assembled or modified for this thesis
The character-taxon matrices for the phylogenetic analyses were modified from previously 
published matrices or were assembled and published for the first time, as follows: 
In Chapter 1, isolated theropod teeth from the Tataouine basin (Tunisia) were categorized 
in eight distinct morphotypes: accordingly, eight taxonomic units were entered into a 
modified version of the data set of Hendrickx and Mateus (2014). The original data set was
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modified removing the four OTUs based on the Portuguese teeth (see details in Hendrickx 
and Mateus 2014). 
In Chapter 1, two theropod specimens collected from the Tataouine basin were scored in 
the data set of Cau et al. (2013). 
Data set in Chapter 2 was assembled by Gabriele Larocca Conte and myself  by scoring 
data from both published literature and direct examination of the Ain el Guettar Formation 
material housed in the Museo Geologico “G. Capellini” in Bologna. This data set was then 
modified and used in the analysis performed in Chapter 9. 
No quantitative analyses were used in Chapter 3: this study followed an identification 
approach (i.e., referral to clades based on identification of synapomorphies) as taxonomic 
criterion.
The data set in the main analysis used in Chapter 4 was assembled by myself and is 
currently stored in the digital repository Dryad (see details in Chapter 4). 
One of the data sets used in Chapter 5 was modified from Zanno and Makovicky (2013) by
including the scores of the new Australian theropod described in the study.
The second data set used in Chapter 5 was modified from Novas et al. (2013) including 
the new Australian specimen, two Jurassic coelurosaurians (Archaeopteryx and Zuolong), 
and the recently named megaraptoran Siats (Zanno and Makovicky, 2013). In the 
character list, modifications involved the addition of 26 new morphological characters 
relevant in resolving the positions of the listed taxa. Characters 255, 271 and 285 were a 
priori set with weight = 0 as they became redundant with other included characters, 
respectively, characters 35, 78 and 108 (as outlined by Porfiri et al. 2014). In both datasets
used in Chapter 7, character scores for Megaraptor were updated following Porfiri et al. 
(2014). 
One of the data sets used in Chapter 6 is based on the data set of Cau (2014), which had 
been modified from the data in Young (2014). Modifications included: 1) merging the type 
and referred specimens of Neptunidraco into a single taxonomic unit, and 2) a priori 
exclusion of all non-thalattosuchian crocodiliforms, as the analysis focused on 
thalattosuchians. As this study was submitted before the study presented in Chapter 6 (the
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latter focused on teleosaurid evolution), the data set in Chapter 8 does not include the two 
teleosaurid taxa included in the version used in Chapter 6.
The second data set used in Chapter 6 is modified from Benson et al. (2013), as follows: 
1) most non-pliosauroids not relevant for the aims of the analysis were removed a priori, 
and 2) the Italian pliosaurid Anguanax zignoi was added and scored after direct 
examination of the holotype specimen. 
The data set used in Chapter 7 was modified from Carballido et al. (2012) by a priori 
removal of most of the non-diplodocoid taxa from the original data set, as the analysis 
focused on rebbachisaurids. The taxon Tataouinea was added to the data set based on 
direct examination of the specimen. The taxon Rebbachisaurus was re-scored based on 
Wilson and Allain (2015). The taxon Katepensaurus was added based on published 
literature. In the character list, five additional characters were added and all taxa were 
scored for such characters based on published literature.
One of the data sets used in Chapter 8 was implemented from Cau (2014), which had 
been modified from Young (2014), by: 1) merging the type and referred specimens of 
Neptunidraco into a single taxonomic unit, 2) including Machimosaurus buffetauti, based 
on the published literature, 3) including Machimosaurus rex, scored after examination of 
the holotype specimen, and 4) a priori exclusion of most of the non-thalattosuchian 
crocodilomorphs, as the analysis focused on thalattosuchians.
The data set in Chapter 9 is a modified version of the data set assembled in Chapter 2.
Institutional abbreviations
MGGC, Museo Geologico “Giovanni Capellini”, Bologna; MGP, Museo Geologico di 
Padova, Padova; MPPL, Museo Paleontologico e della Preistoria “Leonardi”, Ferrara; 
ONM, Office National des Mines, Tunis.  
Fossil material analysed
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The following fossil material was examined first-hand during the realisation of this thesis:
Isolated crocodylomorph material from the Ain el Guettar Formation: MGGC TUN2, MGGC
TUN4, MGGC TUN6, MGGC TUN7, MGGC TUN8, MGGC TUN11, MGGC TUN12, 
MGGC TUN18, MGGC TUN20, MGGC TUN21, MGGC TUN22, MGGC TUN23, MGGC 
TUN24, MGGC TUN25, MGGC TUN29, MGGC TUN34, MGGC TUN35, MGGC TUN48, 
MGGC TUN49, MGGC TUN50, MGGC TUN51, MGGC TUN52, MGGC TUN53, MGGC 
TUN54, MGGC TUN56, MGGC TUN57, MGGC TUN59, MGGC TUN60, MGGC TUN61, 
MGGC TUN62, MGGC TUN63, MGGC TUN65, MGGC TUN66, MGGC TUN71, MGGC 
TUN73, MGGC TUN74, MGGC TUN81 , MGGC TUN83, MGGC TUN84, MGGC TUN85, 
MGGC TUN88, MGGC TUN89, MGGC TUN90, MGGC TUN91, MGGC TUN92 , MGGC 
TUN93, MGGC TUN94, MGGC TUN96, MGGC TUN97, MGGC TUN98, MGGC TUN99, 
MGGC TUN100, MGGC TUN110, MGGC TUN115, MGGC TUN117, MGGC TUN118, 
MGGC TUN119, MGGC TUN120, MGGC TUN121, MGGC TUN122, MGGC TUN123, 
MGGC TUN124, MGGC TUN125, MGGC TUN128, MGGC TUN129, MGGC TUN130, 
MGGC TUN131, MGGC TUN133, MGGC TUN135, MGGC TUN136, MGGC TUN138, 
MGGC TUN139, MGGC TUN140, MGGC TUN141, MGGC TUN142, MGGC TUN144, 
MGGC TUN145, MGGC TUN146, MGGC TUN147, MGGC TUN148, MGGC TUN150, 
MGGC TUN152.
Isolated dipnoan material from the Ain el Guettar Formation: MGGC 21912, MGGC 21913,
MGGC 21914, MGGC 21915, MGGC 21916, MGGC 21917, MGGC 21918, MGGC 21919,
MGGC 21920, MGGC 21921, MGGC 21922, MGGC 21923, MGGC 21924, MGGC 21925,
MGGC 21926, MGGC 21927, MGGC 21928, MGGC 2129, MGGC 21930.
Isolated iguanodontian material from the Ain el Guettar Formation: ONM NG OR1, MGGC 
TUN 153, MGGC TUN 154, MGGC TUN 155.
Isolated theropod material from the Ain el Guettar Formation: MGGC TUN1, MGGC 
TUN10, MGGC TUN101, MGGC TUN102, MGGC TUN103, MGGC TUN104, MGGC 
TUN105, MGGC TUN106, MGGC TUN107, MGGC TUN108, MGGC TUN109, MGGC 
TUN111, MGGC TUN112, MGGC TUN113, MGGC TUN114, MGGC TUN116, MGGC 
TUN126, MGGC TUN127, MGGC TUN13, MGGC TUN134, MGGC TUN137, MGGC 
TUN14, MGGC TUN143, MGGC TUN149, MGGC TUN15, MGGC TUN151, MGGC 
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TUN153, MGGC TUN16, MGGC TUN17, MGGC TUN19, MGGC TUN26, MGGC TUN27, 
MGGC TUN28, MGGC TUN3, MGGC TUN30, MGGC TUN31, MGGC TUN32, MGGC 
TUN33, MGGC TUN36, MGGC TUN37, MGGC TUN38, MGGC TUN39, MGGC TUN40, 
MGGC TUN41, MGGC TUN42, MGGC TUN43, MGGC TUN44, MGGC TUN45, MGGC 
TUN46, MGGC TUN47, MGGC TUN5, MGGC TUN55 , MGGC TUN67, MGGC TUN68, 
MGGC TUN69, MGGC TUN70, MGGC TUN72, MGGC TUN75, MGGC TUN76, MGGC 
TUN77, MGGC TUN78, MGGC TUN79, MGGC TUN80, MGGC TUN82 , MGGC TUN86, 
MGGC TUN87, MGGC TUN9, MGGC TUN95.
Type material of Anguanax zignoi: MGP 18797.
Type material of Machimosaurus rex: ONM NG 1-25, ONM NG 80, ONM NG 81, ONM NG
83-87.
Type and referred material of Neptunidraco ammoniticus: MGGC 8846/1UCC123b, MGGC
8846/1UCC123a, MPPPL 35, MPPPL 39, MGP 6552.
High-resolution 3D-photogrammetric images of the type material of Tataouinea hannibalis 
were also used in the analyses (specimen housed in ONM).
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GENERAL AIMS OF THIS THESIS
“The present analysis is the first attempt to evaluate morphological-
pal[a]eontological  evidence with quantitative phylogenetic dating methods 
analogous to those used in molecular studies, and it is hoped will spur further 
empirical analyses —especially among pal[a]eobiologists  —which will help answer 
these questions”. Lee et al. (2014a)
This thesis aims to apply a multidisciplinary approach to the investigation of 
palaeontological phenomena involving both phylogenetic and stratigraphic information, 
and introduces a modified version of the phylogenetic method based on Bayesian 
inference recently published by Lee et al. (2014a). In particular, the thesis explores novel 
areas of application for this method, beyond the mere reconstruction of ultrametric 
frameworks. The thesis describes two main lines of research which partially intersect each 
other. The first project (Project 1) focuses on the novel phylogenetic method based on 
Bayesian inference, and explores novel fields of application among a series of distinct 
case studies from the Vertebrate Palaeontology. The second project (Project 2) used a 
multidisciplinary approach in the analysis of fossil localities from southern Tunisia: the 
novel phylogenetic method based on Bayesian inference was among the methodologies 
used in these studies.  
This thesis includes nine studies (listed below, Figure 1). In these studies, the descriptive 
approaches of morphological palaeontology and stratigraphy were associated to well-
established phylogenetic methods (i.e., “cladistic” analysis based on parsimony) and 
recently-introduced analytical tools (i.e., Bayesian phylogenetics). The Bayesian 
phylogenetic approach, integrating morphological and stratigraphic data, is here named 
the “integrative” approach. The other methods are thus named “non-integrative” 
approaches. Not all methods and approaches have been included in each of these 
publications. A subset of the studies (Chapters 4-9) form the bulk of this thesis introducing 
and testing the integrative approach (Project 1). Although the remaining studies (Chapters 
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1-3) used non-integrative methods, they focused on some of the methodological and 
theoretical elements of the integrative approach. They, therefore, form an auxiliary context 
for the main studies into which the integrative approach can properly be understood and 
appreciated. 
Note that a subset of the chapters (i.e., Chapters 7 to 9) pertains to both Projects 1 and 2.
Figure 1 - Relationships among the Chapters and the Projects in this Thesis
Below, the nine publications are listed in chronological order of submission. 
1. Lee, Cau, Naish and Dyke (2014b). Submitted: 14th February 2014. Published: 1st 
August 2014 in Science vol. 345:562-566. (Chapter 4). This study forms the basis 
for Project 1: it describes in detail the integrative approach used in the other studies
of the thesis.
2. Fanti, Cau, Martinelli and Contessi (2014). Submitted: 6th March 2014. Published: 
02nd June 2014 in Palaeogeography, Palaeoclimatology, Palaeoecology vol. 
410:39–57. (Chapter 1). Project 2, does not include the integrative approach.
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3. Fanti, Cau, Cantelli, Hassine and Auditore (2015). Submitted: 21st October 2014. 
Published: 29th April 2015 in PLoS ONE vol.10, issue4:e0123475. (Chapter 7). This 
study refers to both Project 1 and Project 2, using both integrative and non-
integrative approaches in the investigation of the first sauropod taxon from the 
Lower Cretaceous of Tunisia.
4. Bell, Cau, Fanti and Smith (2016). Submitted: 29th October 2014. Published online: 
02nd October 2015 and in formatted version in August 2016 in Gondwana Research 
36:473–487. (Chapter 5). Project 1, exploring palaeobiogeographic applications of 
the integrative approach.
5. Cau and Fanti (2015). Submitted: 25th March 2015. Published: 1st August 2016 in 
Historical Biology vol. 28:952-962. (Chapter 6). Project 1, testing palaeoecological 
applications of the integrative approach.
6. Fanti, Miyashita, Cantelli, Mnasri, Dridi, Contessi and Cau (2016). Submitted: 18 th 
July 2015. Published: 10th January 2016 in Cretaceous Research vol. 61:263-274. 
(Chapter 8). This study refers to both Project 1 and Project 2, as it used both 
approaches in the investigation of the first crocodylomorph taxon from the Lower 
Cretaceous of Tunisia.
7. Fanti, Cau, Panzarin and Cantelli (2016). Submitted: 27th November 2015. 
Published: 12th  January 2016 in Cretaceous Research vol. 60:267-274. (Chapter 
3). Project 2, does not include the integrative approach.
8. Fanti, Larocca Conte, Angelicola and Cau (2016). Submitted: 15th December 2015. 
Published: 18th February 2016 in Palaeogeography, Palaeoclimatology, 
Palaeoecology vol. 449:255-265. (Chapter 2). Project 2, does not include the 
integrative approach.
9. Cau (2017). Submitted: 14th September 2016. Published: 1st March 2017 in PeerJ 
vol. 5:e3055:1-19 (Chapter 9). This study belongs to both Projects 1 and 2, as it re-
analyses the material studied in Chapter 2 using the integrative approach.
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Chapter 1 (“Integrating palaeoecology and morphology in theropod diversity estimation: a 
case from the Aptian-Albian of Tunisia”), Chapter 2 (“Why so many dipnoans? A 
multidisciplinary approach on the Lower Cretaceous lungfish record from Tunisia”) and 
Chapter 3 (“Evidence of iguanodontian dinosaurs from the Lower Cretaceous of Tunisia”) 
investigate the taxonomic diversity of multiple fossil localities from the Lower Cretaceous 
of Southern Tunisia focusing on the isolated vertebrate remains referable to, respectively, 
theropod and ornithopod dinosaurs (Chapters 1 and 3) and dipnoan sarcopterygians 
(Chapter 2). In these studies, results of systematic analyses using a qualitative approach 
(taxonomic identification based on synapomorphies discussed in literature, Chapter 3) and
quantitative parsimony analyses (Chapters 1 and 2) are integrated a posteriori with 
stratigraphic and taphonomic information of localities in order to infer the number of taxa 
represented by the samples.
Chapter 4 (“Sustained miniaturization and anatomical innovation in the dinosaurian 
ancestors of birds”) describes a novel version of the Bayesian inference method in 
palaeontological phylogenetics introduced by Lee et al. (2014a). In the study, body size 
evolution among the early birds and their closest relatives is inferred for the first time using
a phylogenetic framework resulted by the integration of morphological diversity and 
stratigraphic distribution of analysed taxa.
Chapter 5 (“New large-clawed theropod (Dinosauria: Tetanurae) from the Lower 
Cretaceous of Australia and the Gondwanan origin of megaraptorid theropods”) describes 
a fragmentary theropod dinosaur from Australia. The Bayesian phylogenetic method 
introduced in Chapter 4 and the palaeobiogeographic application using RASP are 
integrated to test alternative scenarios on the origin and dispersal patterns across the 
Southern continents of this clades of predatory dinosaurs.
Chapter 6 (“High evolutionary rates and the origin of the Rosso Ammonitico Veronese 
Formation (Middle-Upper Jurassic of Italy) reptiles”) reviews the plesiosaurian fossil record
from the Rosso Ammonitico Veronese Formation (RAVF) of Northern Italy. A new genus 
and species of plesiosaurian is officially erected. The Bayesian phylogenetic method 
introduced in Chapter 4 is used to infer the phylogenetic relationships and the rate of 
evolutionary divergence for the new plesiosaurian and for the other named marine reptile 
from the RAVF, the crocodylomorph Neptunidraco ammoniticus. The evolutionary patterns
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resulted by the analyses of the clades including the two Italian taxa are compared and 
discussed.
Chapter 7 (“New information on Tataouinea hannibalis from the Early Cretaceous of 
Tunisia and implications for the tempo and mode of rebbachisaurid sauropod evolution”) 
describes the osteology, stratigraphic occurrence and taphonomy of the holotype of the 
sauropod dinosaur Tataouinea hannibalis. The phylogenetic method introduced in Chapter
4 is used here to investigate affinities of this taxon and the cladogenetic timing of its clade. 
The resulted phyletic scenario is consequently used as “ultrametric” framework for 
additional analyses based on Bayesian inference using RASP to investigate the 
palaeogeographic patterns among rebbachisaurid dinosaurs.
Chapter 8 (“The largest thalattosuchian (Crocodylomorpha) supports teleosaurid survival 
across the Jurassic-Cretaceous boundary”) describes a new marine crocodylomorph 
discovered in Southern Tunisia by a team including the author of this thesis. The Bayesian
method introduced in Chapter 4 is applied to infer the duration of this African lineage and 
the divergence from its European relatives.
Chapter 9 (“Specimen-level phylogenetics in palaeontology using the Fossilized Birth-
Death model with Sampled Ancestors”) re-analyses the dipnoan data set used in Chapter 
2 using a novel phylogenetic model that is an implementation of the Bayesian inference 
method introduced in Chapter 4. The differences in the results and interpretations obtained
using alternatively the parsimony and Bayesian methods are discussed.
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CHAPTER 1 - Integrating palaeoecology and morphology in theropod 
diversity estimation: a case from the Aptian-Albian of Tunisia
Submitted: 6th March 2014. Published: 02nd June 2014 in Palaeogeography, 
Palaeoclimatology, Palaeoecology vol. 410:39–57.
Federico Fanti, Andrea Cau, Agnese Martinelli, Michela Contessi
Abstract
Current knowledge of theropod dinosaurs of northern Africa and their diversity 
during the Early Cretaceous is deceptively fragmentary and commonly associated with 
inadequate stratigraphic and palaeoecological data. Thereby, confused taxonomic 
affinities of theropod remains, represented primarily by isolated teeth and fragmentary 
skeletal remains, resulted in speculations on the number of genera and their stratigraphic, 
geographic and ecological distribution. In this study, we introduce a discussion on the 
theropod diversity in the Aptian–Albian of southern Tunisia based on a multidisciplinary 
approach that combines detailed sedimentological analyses with canonical morphological 
and phylogenetic analyses. This study indicates the presence of three theropod clades, 
Spinosauridae, Abelisauroidea, and Carcharodontosauridae. Relevant for the identification
of isolated specimens from the Saharan regions, carcharodontosaurids are not 
represented in the Aptian-Albian teeth record and thus relatively less abundant than 
spinosaurids and abelisauroids. Five ziphodont tooth morphotypes are referred to 
ontogenetic and/or positional differences among a single abelisauroid taxon. The other 
three teeth morphotypes most likely represent two distinct spinosaurid taxa. Finally, the 
calibrated stratigraphic distribution of discussed elements indicates a clear ecological 
partition between theropod taxa. In particular, abelisauroids and carcharodontosaurids are 
commonly found in inland, fluvial deposits together with titanosauriform and rebbachisaurid
sauropods, and rare crocodilians. Conversely, spinosaurids are limited to estuarine to 
coastal deposits dominated by a rich and diverse crocodilian fauna along with 
actinopterygians and sarcopterygians, including large-sized coelacanthiforms.
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1. Introduction
Fossil vertebrates from the deposits marking the Aptian-Albian in the Saharan 
region play a fundamental role in understanding the stratigraphic and geographic 
distribution of several dinosaur lineages in continental Africa and neighbouring regions. 
Although a number of different dinosaur clades are now recognized in the fossil record, 
fragmentary and isolated skeletal remains combined with largely understudied 
stratigraphic sections commonly limit the potential of such discoveries to a regional 
meaning. In the last decade, detailed revisions of both stratigraphic and palaeontological 
data from the well-known successions of southern Tunisia have yielded evidences of a 
diverse, late Early Cretaceous ecosystem composed of bony fish, sharks, turtles, 
crocodiles, pterosaurs, as well as several vertebrate tracksite (Bouaziz et al., 1988; 
Benton, 2000; Buffetaut and Ouaja, 2002; Cuny et al., 2004; Srarfi et al., 2004; Srarfi, 
2006; Contessi and Fanti 2012a, b, Fanti et al., 2012; Contessi, 2013a, b, and references 
therein). Dinosaurs are represented by skeletal remains of titanosauriforms and 
rebbachisaurid sauropods, whereas ornithopods and theropods are to date represented by
isolated teeth, with the exception of fragmentary and poorly preserved cranial and post-
cranial material (Lapparent, 1951; Buffetaut and Ouaja, 2002; Fanti et al., 2013, 2014; 
F.F., pers. obs.). In this study, we discuss the taxonomic potential of isolated theropod 
teeth and fragmentary, non-dental materials collected from the Dahar escarpment of 
southern Tunisia and extend taxonomic analyses and comparisons to a rich collection of 
isolated theropod teeth from other Saharan localities (Fig. 1). As tooth assemblages give 
important insights into faunal constituents otherwise poorly represented by skeletal 
remains, a detailed analysis of isolated theropod teeth offers the opportunity to 1. evaluate 
theropod taxonomical diversity in the Aptian-Albian of southern Tunisia, and 2. compare 
the data from Tunisia with currently known theropod diversity in coeval deposits of 
northern Africa. As such, the results of this research improve general understanding of the 
Lower Cretaceous Tunisian ecosystems and have important implications for Gondwanan 
and peri-Mediterranean palaeobiogeography. 
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 2. Geological setting
A recent revision of stratigraphic correlations and fossil occurrence in the Tataouine 
basin (Fig. 1) revealed that the strata exposed in the area preserve multiple fossil-bearing 
levels: all identifiable dinosaur remains, however, occur within the Oum ed Dhiab Member 
of the Ain el Guettar Formation (upper Aptian–Albian) (Fanti et al., 2012). Relevant to this 
study, theropod remains historically referred to the fluvial deposits of the Chenini Member 
(Benton et al., 2000) are instead representative of transgressive lag deposits on 
transgressive, erosional surface which mark the base of the overlying Oum ed Diab 
Member (Fanti et al., 2012, 2014). Therefore, the faunal assemblage in these coarse-
grained beds preserves taxa that may originally pertained to the underlying Chenini 
Member deposits as well as taxa that relate to the Oum ed Diab Member. The coarse-
grained Chenini beds are representative of high-energy fluvial deposits that accumulated 
on a low-gradient, distal alluvial plain similar to modern wadi-like drainage systems 
(Benton et al., 2000; Fanti et al., 2012). Differently, fine-grained, sandy deposits of the 
Oum ed Diab Member overlying the basal transgressive lag preserve estuarine to 
shoreface and tidal flat deposits interpreted as deposited in a vast embayment (Fanti et al.,
2012, 2013). Although at the time of writing it is not possible to constrain the temporal gap 
represented by the unconformity that separates the Chenini and the Oum ed Diab 
members, the Chenini Member is referred to the uppermost Aptian-lowermost Albian, 
whereas the Oum ed Diab Member to the middle Albian (Ben Youssef et al., 1985; Bodin 
et al., 2010; Pons et al., 2010; Fanti et al., 2012, and references therein). Specimens 
described in this study were surface collected from the two above-mentioned 
lithostratigraphic intervals within the Oum ed Diab Member. From a taphonomic 
perspective, specimens collected from the basal, lag deposits are partly or completely 
covered with a solid, diagenetic crust and present clear evidences of abrasion on both 
enamel surface and serrations, indicative of intense pre-burial transportation within the 
coarse-grained sediments (i.e. coarse quartzarenite with centimetre- to decimetre-sized 
pebbles). Conversely, specimens collected from the juxtaposing, unconsolidated sandy 
deposits are in good preservation conditions although they were likely shed teeth, being 
found isolated and rootless. Significant differences in the taphonomic conditions and 
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matrix associated with collected teeth allowed a robust stratigraphic discrimination of 
morphotypes discussed herein. 
3. Material and methods
The relative paucity of well-preserved material from the Tataouine region and the 
lack of detailed classification of Saharan isolated teeth in the literature challenged the 
possibility for detailed study. Historically, all isolated elements, including teeth, have been 
referred to a ‘typical’ northern-Africa theropod fauna based on the very few skeletal 
material collected in these regions. This fauna includes three mid-Cretaceous theropod 
clades represented by a restricted number of taxa: carcharodontosaurids 
(Carcharodontosaurus saharicus, C. iguidensis, Eocarcaria dinops, Sauroniops 
pachytholus, Depéret and Savornin, 1925; Stromer, 1931; Lavocat, 1954; Russell, 1996; 
Sereno et al., 1996; Amiot et al., 2004; Brusatte and Sereno, 2007; Sereno and Brusatte, 
2008; Cau et al., 2012, 2013), spinosaurids (S. aegyptiacus and its possible synonym S. 
maroccanus, Cristatusaurus lapparenti, and its possible synonym Suchomimus tenerensis,
Stromer, 1915; Russell, 1996; Taquet and Russell, 1998; Smith et al., 2006; Sereno et al., 
1998), and abelisaurids (Rugops primus, Kryptos palaios, Sereno et al., 2004; Sereno and 
Brusatte, 2008). A fourth lineage is represented by Deltadromeus (Sereno et al., 1996), a 
taxon lacking cranial and dental remains and with a controversial phylogenetic placement 
among Ceratosauria (see Carrano and Sampson, 2008). Recently, Amiot et al., (2004) and
Richter et al. (2013) claimed the possible presence of dromaeosaurids in the Cenomanian 
of Morocco, the second report in continental Africa after the discovery of isolated teeth in 
the Wadi Milk Formation of Sudan (Rauhut and Werner, 1995). In continental Africa, 
Aptian–Cenomanian theropods are known primarily from the peri-Saharan regions (Fig. 1),
thus the role of Tunisian taxa is pivotal in the comprehension of evolutionary and 
biogeographic patterns within African theropods in the mid-Cretaceous. Therefore, 
additional data on theropod tooth variability in the fossil record of key localities - i.e. Algeria
(Taquet and Russell, 1998), Egypt (Smith and Lamanna, 2006; Smith et al., 2006), Libya 
(Smith and Dalla Vecchia, 2006; Le Loeuff et al., 2010), Morocco (Amiot et al., 2004; 
Richter et al., 2013), Niger (Sereno et al., 2004; Brusatte and Sereno, 2007; Sereno and 
Brusatte, 2008), Sudan (Rauhut and Werner, 1995), and Saudi Arabia (Kear et al., 2013) - 
were included in this study. Furthermore, a large collection of unstudied specimens 
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collected from several well-known localities of the Saharan region (i.e. Gadoufaoua, Niger;
Tabroumit and Gara Sbaa, Morocco; Djoua, Algeria) housed in the collection of the 
Muséum National d'Histoire Naturelle in Paris provided a solid database for a proper 
definition and comparison of northern Africa morphotypes. In total, approximately 500 
specimens were studied at both macro- and microscopic scale: optical microscopes were 
used to observe general morphological characters. In addition, on the light of 
morphological similarities between isolated spinosaurid and crocodilian teeth (see also 
Sereno and Larsson, 2009, for a revision of Saharan crocodyliforms) that are ordinarily 
found in the same fossil association, a total of 160 crocodilian teeth (including complete 
and partial dental series) of Sarcosushus sp., Araripesuchus sp., Hamadasuchus sp., and 
Elosuchus sp. were measured and included in the comparative morphometric analyses 
(Lapparent, 2002; Sereno et al., 2001; Larsson and Sues, 2007; Sereno and Larsson, 
2009; Cuny et al., 2010; Fanti et al., 2012; FF, MC, pers. obs. 2014). SEM secondary 
electron images of selected tooth characters were acquired using a Scanning Electron 
Microscope Philips 515b (operating voltage 3kV) on uncoated specimens at the 
Dipartimento di Scienze Biologiche, Geologiche e Ambientali in Bologna. Morphometric 
parameters were taken with standard calliper with the precision to the nearest mm.
3.1 Tooth nomenclature
Theropod dentition has been the subject of a number of studies and several authors
proposed a number of both quantitative and qualitative parameters to diagnose taxa; in 
particular, multivariate analyses have proven to be useful in the determination of theropod 
taxa based on isolated material (Larson and Currie, 2013; Hendrickx and Mateus, 2014; 
Hendrickx et al., in press; Torices et al., in press). Principal Component Analyses (PCA) 
were performed using Past 3.x01 software on Tunisian teeth to discriminate specimens 
according to the variance of the height, FABL, basal width, and presence/absence of 
denticles, enamel ridges, blood grooves, and enamel wrinkles. Data were log-transformed 
for the analyses. Tooth terminology used herein follows that of Currie et al. (1990), Farlow 
et al. (1991), Fanti and Therrien (2007), and Hendrickx and Mateus (2014). Additional 
parameters for the description of serrations include denticle morphology, cellae (sensu 
Buscalioni et al., 1997), and blood grooves description (sensu Buscalioni et al., 1997 and 
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Fanti and Therrien, 2007). Crown ornamentation are described following the nomenclature
proposed by Brusatte et al. (2007). The term enamel wrinkles refers herein to parallel 
ridges or grooves that flank the serrations and do not extend on the crown surface. Band 
indicates herein continuous wrinkles that extend across the entire labial or lingual surfaces
commonly limited to the basal section of the crown: these laminations, commonly 
displaying alternation of dark/light colouring, reflect dentine growth and have been used to 
infer tooth development and replacement rates (Erickson, 1996; Straight et al., 2004; 
Cillari, 2011). Ridges refer to either regular and irregular apicobasal enamel rises located 
on both lingual and labial crown surfaces (Buffetaut, 2008; Buffetaut et al., 2008; Richter et
al., 2013).
Institution abbreviation: GZG, Geowissenschaftliches Zentrum der Universität Göttingen 
Museum; MGGC, Museo Geologico Giovanni Capellini (Bologna, Italy); MNHN, Muséum 
National d’Historie Naturelle, Institut de Paléontologie, (Paris, France); ONM, Office 
National des Mines (Tunis, Tunisia).
Other abbreviations: BW, tooth basal width; FABL, fore-aft basal length; FABL/BW, basal 
compression ratio; FABL/TCH, elongation ratio; NDPM, number of denticles per millimetre 
on both mesial and distal carinae (measured at mid-crown); OTU, Operational Taxonomic 
Unit; TCH, tooth crown height.
3.2 Phylogenetic analyses
For this research, the phylogenetic affinities of the theropod material described 
herein were tested entering operational taxonomic units – based on the main tooth 
morphotypes present in the Oum ed Diab Member and on the most informative isolated, 
non-dental material – into two previously published data-sets focusing on, respectively, 1. 
theropod tooth morphology and 2. African theropods. 
1. Isolated theropod teeth from the Tataouine basin are categorized in eight distinct 
morphotypes: we accordingly entered eight OTUs into a modified version of the 
‘second analysis’ (i.e., the ‘supermatrix’) of Hendrickx and Mateus (2014); the data set 
was modified by the removal of the four OTUs based on the Portuguese teeth (see 
details in Hendrickx and Mateus 2014). Analytical protocol and nodal support 
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calculation followed the procedure outlined by Hendrickx and Mateus (2014). See 
Supplementary Material for character score for the Tunisian OTUs. 
2. Two OTUs based on a fragmentary dentary (MGGC 21889) and an isolated caudal 
vertebra (MGGC 21891) collected from the Oum ed Diab Member were entered in the 
data set of Cau et al. (2013). Analytical protocol and nodal support calculation followed 
the procedure outlined by Cau et al. (2012, 2013). See Supplementary Material for 
character score for the Tunisian OTUs. 
All phylogenetic analyses were employed with the Hennig Society version of TNT vers. 1.1
(Goloboff et al., 2008). With both data set, the matrix was analysed under performing a 
‘New Technology Search' with the ‘driven search' option (TreeDrift, Tree Fusing, Ratchet, 
and Sectorial Searches selected with default parameters; addition sequence replicates set 
at 100); followed by a 'Traditional Search' of the tree islands saved from the 'New 
Technology Search' analyses. Nodal support (Decay Index) values were calculated 
performing 1000 'Traditional Search' analyses set with default parameter, and saving all 
trees up to ten steps longer than the shortest topologies.
4. Description of theropod teeth
Morphotype 1 (Fig. 2A-D; Tab. 1)
Although several specimens are fragmentary (either shed teeth or teeth with 
unpreserved root) the preservation quality of the crown and denticles is good. These 
mesial teeth are generally bigger than other collected from the same levels (TCH 30–70 
mm), have an almost conical crown only slightly laterally compressed (FABL-BW ratio 
<1.5) and have a nearly symmetrical, oval to lanceolate basal cross section. The crown is 
slightly curved distally so that the tooth apex forms a distal concavity but never extends 
beyond the distal end of the crown base. Both labial and lingual surfaces are convex and 
the carinae are strongly developed; the mesial carina is straight whereas the distal one 
shifts labially toward the base of the tooth. Denticles are present on the entire length of 
both carinae and are generally rounded in overall shape, as long as they are wide, and 
oriented perpendicularly to the edge of the tooth, with 2.5 denticles per millimetre being 
found on the mesial carina and 2 in the distal carina. On both carinae, however, denticles 
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decrease in size toward the base of the tooth: as measured teeth do not preserve the root,
the absence of denticles in the most basal section of the carinae cannot be excluded. U–
shaped cellae with no blood grooves are present in the interdenticular region. Faint, 
parallel bands that extend from the carinae over the labial and lingual surfaces of the 
crown are observed in a restrict number of specimens and are limited to the basal region 
of the tooth. Marginal enamel wrinkles become less distinct and progressively disappear 
as they approach both the mesial and distal carinae.
Morphotype 2 (Fig. 2E-H; Tab. 1)
Isolated teeth pertaining to this morphotype are rare in the Tataouine basin, 
representing only the 2% of collected specimens. The overall tooth morphology is blade-
like, having a slender and elongated crown, a strongly labio-lingually compressed (FABL-
BW ratio >2), lanceolate basal section and both labial and lingual surfaces are slightly 
convex. The apical margin of the tooth is straight, whereas the mesial margin curves 
gently apically. Both carinae are serrated with rounded denticles, and – in apical view – 
they lie on the same plane without twisting: the mesial carina bears 3 denticles per 
millimetre whereas 2.5 are counted on the distal carina. Denticles on the mesial carina are 
as tall as they are wide with shallow blood grooves either absent or limited to the 
interdenticular base. The distal denticles are more developed and higher than the mesial 
ones with deep blood grooves inclined toward the base of the tooth (comma-shaped 
grooves), and a moderately hooked distal margin. In addition, these teeth do not display 
the parallel bands observed in Morphotype 1 but have marginal enamel wrinkles on the 
labial and lingual surfaces of both distal and mesial carinae (more pronounced in the 
latter), extending along the entire length of the serrated carina. 
Morphotype 3 (Fig. 3A-E; Tab. 1)
Straight, often elongated crowns and overall triangular-conical shape in longitudinal 
section characterize teeth pertaining to Morphotype 3. In addition, the apex of teeth is 
particularly pointed. Serrations are absent and replaced by two, symmetrical, well-
developed carinae that extend for the entire crown height and clearly visible in the basal 
section. Enamel ridges are absent and a smooth, enamel surface characterizes this 
morphotype; SEM images of the tooth enamel indicate that the lack of a textured enamel is
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not imputable to a taphonomic artefact. Only a few tooth crowns display shallow wear 
facets and irregular enamel ridges. Marginal enamel wrinkles are present adjacent to the 
distal carina in some teeth. The marginal wrinkles are slightly developed and faint, closely 
spaced and inclined basally for a short distance mesially to the carina. Where preserved, 
the tooth root is hollow with a well-developed pulpar cavity: in cross-section, the enamel 
delimiting the pulpar cavity is relatively thick. The basal cross-section is sub-circular to 
elliptical, whereas it becomes extremely narrow, labio-lingually compressed, and leaf-
shaped apically. Teeth included in this morphotype do not display major morphometric 
variation.
Morphotype 4 (Fig. 3F-N; Tab. 1)
Teeth pertaining to this morphotype are common in the Tataouine basin as well as 
in the collection representative of different Saharan localities. Overall, teeth are slender 
with an elongated, conical crown that curves distally forming a distal concavity with the 
tooth apex extending beyond the distal end of the crown base. Labio-lingual compression 
is moderate, no wrinkles nor band are observed. The mesial and distal carinae are 
characterized by heavily worn, shallow and irregular denticles (up to 6 per millimetre). In 
addition, regular ridges characterize each tooth: these ornamentations extend 
longitudinally along the entire crown, with the enamel smoothing out toward both the 
carinae and along the apicobasal axis of the tooth. The number of these ridges is quite 
conservative, being 8 on both labial and lingual sides in the 90% of measured specimens, 
and 10, 12 or 14 in the remnant 10%. The number of ridges is inversely proportional to the 
size of the tooth (small teeth have higher – and more variable number of ridges, whereas 
the larger specimens commonly display 8 ridges). The basal cross section is sub-oval, 
having in approximately 40% of observed specimens a central, labio-lingual compression 
that confers an overall ‘eight’ shape to the section. The root is hollow with a well-
developed, oval pulpar cavity: alike teeth included in Morphotype 3, in cross-section, the 
enamel delimiting the pulpar cavity is thin. 
Morphotype 5 (Fig. 3O-Q; Tab. 1)
All specimens assigned to this morphotype display enamel ornamentation in having 
shallow apicobasal crenulation. These enamel structures differ from typical enamel ridges 
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in being: 1. faint and shallow, 2. nor straight nor parallel along the crown height, and 3. 
extending discontinuously along the tooth crown. In addition, they commonly differ in 
number between the lingual and labial surfaces. The number of these ornamentations on 
each surface varies greatly on observed specimens, ranging from 6 to 32. SEM images 
also revealed that the entire enamel surface is ornamented with irregular, apicobasal 
crenulations. As observed in Morphotype 3, teeth have a sub-circular basal section, 
whereas they become labio-lingually compressed toward the apex of the crown. 
Morphotype 6 (Fig. 4A-B; Tab. 1)
Teeth included in this morphotype are relatively small with a low crown with an 
overall triangular shape and both mesial and distal sides curved. In particular, the mesial 
profile is strongly curved in labio-lingual view having a typical deflection point near the 
midpoint of the crow; on the contrary, the distal curvature profile shows either moderate 
curvature or a straight profile, so that the tooth apex does not extend beyond the distal end
of the crown base. Teeth are laterally compressed with a symmetrical, lanceolate cross 
section. Denticles are present on the entire length of the mesial and distal carinae, and 
they are smaller and shorter (3-3.5 denticles per mm) on the mesial carina than on the 
distal carina (2-2.5 per mm) and display a rounded distal morphology. In addition, denticles
on the distal carina become smaller and shorter toward the tooth apex. Blood grooves are 
clearly visible to the naked eye and are deep and inclined toward the basal end of the 
tooth. A restricted number of teeth included in this morphotype shows enamel banding 
extending between the two carinae on both labial and lingual surfaces.
Morphotype 7 (Fig. 4C-E; Tab. 1)
Teeth included in this morphotype are small lateral teeth characterized by a very 
slender and elongated crown (TCH is three times FABL). The crown is sub-triangular in 
overall shape, is pointed apically, and has the distal side straight and the mesial carina 
gently curved. The basal cross section is strongly labio-lingually compressed (FABL/BW 
ratio between 2 and 3.2) and teardrop-shaped. Rounded denticles extend along the entire 
length of both carinae, are slightly smaller in the basal section, with an average serration 
density of 3.5-4 denticles per mm in the mesial carina and 3 in the posterior one. Blood 
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grooves are absent, with shallow, rounded cellae located at the base of the denticles. 
Neither surface undulations nor colour bands are observed.
Morphotype 8 (Fig. 4F-H; Tab. 1)
Teeth included in this morphotype are the smallest collected from the Tataouine 
region (TCH < 1cm); none, however, has a preserved root. Overall, these primarily lateral 
teeth display a strongly curved mesial carina and a nearly straight distal carina so that 
tooth apex forms a shallow distal concavity extending as posteriorly as the distal end of the
crown base. The crown is not elongated (TCH/FABL between 1 and 1.5) and the basal 
cross section is strongly labio-lingually compressed. Both carinae are serrated with 
rounded denticles (4.5 per mm in the mesial carina, 4 per mm in the distal carina) that 
extend along the entire crown length. Blood grooves are deep and inclined toward the 
basal end of the tooth. No enamel banding or wrinkles are observed. 
5. Theropod teeth analyses 
Morphometrics parameters of isolated teeth were compared statistically to those of 
Tunisian crocodilians as well as to selected well-known theropods from continental Africa, 
Madagascar, India and other continents. Tooth parameters for Carcharodontosaurus sp., 
Majungasaurus crenatissimus, Indosuchus raptorius, Masiakasaurus knopfleri, 
Spinosaurus sp., Deinonychus anthirropus, Dromaeosaurus albertensis, Saurornitholestes
langstoni, as well as undetermined abelisaurid teeth were either acquired from the 
literature or measured by the senior author (see Table 1). Standard bivariate plots of TCH-
FABL/BW ratio discriminate large clusters (i.e. spinosaurids, carcharodontosaurids, 
abelisaurids, and small theropods) but do not suggest clear affinities for included Tunisian 
morphotypes (Fig. 5). Principal Components Analysis of the log-transformed data of the 
Tunisian specimens (Fig. 6) indicates that two components explain the variance of the 
data. PC1 shows a heavy loading in the tooth size parameters: height (loading value 0.91),
FABL (l.v. 0.33), and basal width (0.26), whereas PC2 shows heavier loading in the 
presence/absence of enamel wrinkles (l.v. 0.72). Graphically, the PCA analysis: 1. clearly 
separates teeth pertaining to morphotypes 1 and 2 from all other samples; 2. gathers with 
some overlap morphotypes 3, 4 and 5; and 3. places morphotypes 5, 6, and 7 in a cluster 
that does not overlap with other measured theropod teeth. Finally, the PCA discriminates 
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crocodilian and theropod teeth. Furthermore, in order to properly discuss the taxonomic 
affinities of isolated theropod teeth from the Tataouine region and correlatives from other 
localities of the Saharan region, results of morphological and statistical analyses were also
compared with teeth already described in the literature and consequently included in 
phylogenetic analyses (Fig. 7). The result of updated analysis based on the data set of 
Hendrickx and Mateus (2014, Fig. 7A) provided a phylogenetic framework for interpreting 
the affinities of the Tunisian tooth morphotypes, to infer a minimum number of taxa 
represented and to estimate abundance and diversity. A first comparison based on 
standard morphometric and morphologic parameters resulted in a preliminary taxonomic 
assignment of all morphotypes as follows: 
Morphotype 1: based on available data in the literature, the assignment of teeth 
included in this morphotype is problematic as canonical diagnostic parameters considered 
of this group are not directly referable to the dentition of any northern African theropod. 
However, teeth referable to this morphotype have been found not only in southern Tunisia,
but also in other Saharan localities (i.e. Gadoufaoua, Sereno and Brusatte 2008, fig. 8; 
MNHN GRD553a, GRD553b, GAD600, this study), thus supporting the institution of a 
distinct morphotype. The overall morphology is similar to the one described for several 
anterior and lateral isolated teeth assigned to large-bodied tetanurans, such as 
Megalosaurus and Neovenator (Cillari, 2011; Han et al., 2011; Cobos et al., 2014). The 
large and almost conical crown, the labial migration of the distal carina, and the leaf-
shaped basal cross section clearly distinguish Morphotype 1 from typical, blade-like 
carcharodontosaurid teeth (e.g., Coria and Currie, 2006). However, high TCH values falls 
within average carcharodontosaurid teeth, as well as characteristics of serrations along the
mesial and distal carinae. The enlarged basal cross section as well as the position of the 
carinae (not aligned on the antero-posterior axis of the tooth) most likely place these teeth 
in the anterior part of the dentition. Currie and Azuma (2006) describe in detail an almost 
complete dental series of Fukuiraptor, including anterior maxillary teeth (their fig. 4) which 
interestingly display a strong labiolingual compression and an almost teardrop basal cross-
section. Similarly, we refrain from referring Morphotype 1 to as premaxillary teeth of a 
tetanuran, as the former does not display a U-shaped cross-section nor a lingual migration
of the anterior carina as commonly observed in large tetanurans (including Fukuiraptor, 
Currie and Azuma, 2006, fig. 1), and disparity in the denticles density between the carinae.
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This morphotype was scored as a 'mesialmost tooth' OTU in the data set of Hendrickx and
Mateus (2014).
Morphotype 2: all typical morphological features of carcharodontosaurid teeth are 
identifiable in teeth included in Morphotype 2, including large and moderately curved 
crowns, strong labiolingual compression of the basal cross-section, and enamel wrinkles 
flanking both serrated carinae. Within the northern Saharan context teeth of 
Carcharodontosaurus saharicus and Eocarcharia dinops (Stromer, 1931; Brusatte and 
Sereno, 2008; Brusatte et al., 2007, 2008) represent the better documented basis for 
comparison. However, similar characteristics are observed in the teeth of the abelisaurid 
Skorpiovenator bustingorryi (Canale et al., 2008, fig. 2), including deep and arcuate 
marginal ornamentation, as well as in a single isolated abelisaurid tooth from Morocco 
(Buffetaut et al., 2005). Therefore, Morphotype 2 is assigned to either a 
carcharodontosaurid or abelisaurid theropod. This morphotype was scored as a 'lateral 
tooth' OTU in the data set of Hendrickx and Mateus (2014).
Morphotype 3 and 5: teeth included in these morphotypes display all characteristic 
features of spinosaurine teeth. Teeth are relatively large, conical in overall shape with 
rounded cross-sections, and both mesial and distal carinae are well-developed and 
unserrated. Teeth associated with the holotype of Siamosaurus suteethorni of Thailand 
and other isolated spinosaurid teeth from eastern Asia (Buffetaut and Ingevat, 1986; 
Buffetaut et al., 2008; Bertin, 2010, fig. 2) are virtually indistinguishable from teeth included
in Morphotype 5. As spinosaurine theropods from Africa that display similar dentition are 
represented solely by Spinosaurus aegyptiacus and other isolated elements referred to as 
Spinosaurus sp. (Stromer, 1915; Buffetaut, 1989; Bouaziz et al., 1988; Buffetaut and 
Ouaja, 2002; Bertin, 2010; Richter et al., 2013), Morphotype 3 and 5 are tentatively 
assigned to cf. Spinosaurus sp.. Differences in the enamel ornamentation are here inferred
to either variability in the dentition (although such condition is not supported by any known 
specimen of Spinosaurus) or most likely to the presence of different spinosaurine species 
in the region. These morphotypes were scored as a 'lateral tooth' OTUs in the data set of 
Hendrickx and Mateus (2014).
Morphotype 4: although teeth included in this morphotype are not significantly 
different in overall morphology from those assigned to Spinosaurus, the curved crown, the 
peculiar apicobasal enamel ridges, and the presence of small, irregular serration in the 
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mesial and distal carinae (as in Baryonyx, Cristatusaurus, and Suchomimus; Charig and 
Milner, 1996; Taquet and Russell, 1998; Sereno et al., 1998; Buffetaut, 2007; Buffetaut et 
al., 2008, FF, pers. obs., 2014) are all consistent with a baryonychine spinosaurid. This 
morphotype was scored as a 'lateral tooth' OTU in the data set of Hendrickx and Mateus 
(2014).
Morphotype 6: diagnostic features of abelisaurid teeth are observed in this 
Morphotype. In particular, the crown displaying a sub-triangular shape with the mesial side
curved (with a typical inflexion point near the midlenght of the crown) and the distal one 
almost straight, 2.5-3 denticles per mm, and well developed blood grooves (Mahler, 2005; 
Fanti and Therrien, 2007; Smith and Dalla Vecchia, 2006; Smith and Lamanna, 2006; 
Smith, 2007; Sereno and Brusatte, 2008). This morphotype was scored as a 'lateral tooth' 
OTU in the data set of Hendrickx and Mateus (2014).
Morphotype 7: the specimens of this morphotype exhibit small and relatively flat 
tooth crowns that curve distally toward the apex of the tooth, strong labiolingual 
compression and serrated carinae. Overall morphology resembles that of Morphotype 2, 
including the shape and diagnostic characteristics of denticles (even though they are 
denser in Morphotype 7). On the light of the documented variability along the dental series 
of carcharodontosaurids and abelisaurids, characterized by tiny distal maxillary and 
dentary teeth (Smith, 2007; Sereno and Brusatte, 2008; FF, pers. obs. on the 
Majungasaurus crenatissimus specimen FMNH PR2100), a possible assignment is to this 
clades, either considering Morphotype 7 as posterior lateral teeth or possibly juvenile 
lateral teeth. This morphotype was scored as a 'lateral tooth' OTU in the data set of 
Hendrickx and Mateus (2014).
Morphotype 8: teeth pertaining to this morphotype are generally small with a 
teardrop-shaped basal cross-section. The posterior carina also displays an inflection point 
where the curvature becomes more pronounced distally, and blood grooves are 
pronounced, both characters typically observed in abelisaurid teeth. The relatively dense 
serrations (4.5 denticles per mm in the mesial carina and 4 per mm in the distal one) are 
comparable with those of posteriormost lateral teeth of abelisaurids, as in the case of 
Majungasaurus (3.5-4 denticles per millimetre, FF., pers. obs.) and Kryptos (up to 3 
serrations per millimetre, Sereno and Brusatte, 2008, fig. 5). Morphometric and 
morphological analyses suggest that Morphotype 8 includes abelisaur posterior lateral 
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teeth or possibly juvenile lateral teeth. This morphotype was scored as a 'lateral tooth' 
OTU in the data set of Hendrickx and Mateus (2014).
The phylogenetic analysis of the tooth morphotypes resulted in 60 shortest trees of 
3623 steps each (Consistency Index =0.5620, Retention Index =0.6348). The strict 
consensus of the shortest trees found is well resolved and in overall topology agrees with 
the original result of Hendrickx and Mateus (2014, Fig. 7A). Morphotype 1 resulted among 
a basal branch of Abelisauroidea, sister taxon of the ‘Noasauridae + Abelisauridae’ node. 
This placement is relatively poorly supported (Decay Index = 1) and based on a single 
character state reversal (char. 38.1, a proportional character relative to baso-apical crown 
elongation). Morphotypes 2, 6 and 8 formed a clade nested in Abelisauridae. Character 
support for this node is relatively robust (Decay Index = 4) and supported by four 
unambiguous synapomorphies (chars. 70.1, presence of flattened labial surface of crown; 
71.1, presence of a labial concavity adjacent to distal carina; 98.1, presence of a lower 
number of denticles apically than a mid-crown; 109.1, presence of tenuous transversal 
ondulations on crown). Morphotypes 6 and 8 resulted closer to each other than to 
Morphotype 2 since they share a weak crown elongation (char. 67.0) and distal denticles 
that are asymmetrical and lack an uncinated distal margin (char. 88.1). The latter node is 
moderately robust (Decay Index = 4). Morphotype 7 resulted among the same abelisaurid 
polytomy including the above-mentioned three morphotypes, although this result is poorly 
supported (Decay Index = 1) and based on a single unambiguous synapomorphy (char. 
92.1, presence of mid-crown denticles on distal carina mesiodistally wider than 
apicobasally long). The remaining morphotypes (i.e., Morphotypes 3, 4, 5) formed an 
unresolved polytomy with Irritator/Angaturama, Spinosaurus and the Baryonychinae node. 
The nodal support of this polytomy is low (Decay Index = 1) since it is based on three 
unambiguous synapomorphies (chars. 85.1, presence of a high denticle density; 93.1, 
presence of irregularly-sized denticles; 107.2, presence of flutes on both labial and lingual 
surfaces of crown), two of them scored as ‘inapplicable’ in the spinosaurine taxa (lacking 
marginal denticles). It is noteworthy that nodal support values for the clades 
Megalosaurinae, Neovenatoridae and Baryonychinae (the ‘Baryonyx + Suchomimus’ 
node) are relatively robust (Decay Indices >3), suggesting that actual data do not support 
the referral of the Tunisian morphotypes to the latter three clades.
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6. Description of theropod non-dental remains
Systematic Palaeontology
Dinosauria
Theropoda
Ceratosauria
Abelisauridae
Abelisauridae gen. et sp. indet.
Specimens: MGGC 21889 (Fig. 8A-G), ONM TM 02
Description. Both specimens are fragments of the dentigerous part of dentary rami, 
including, respectively, five and four alveoli. In both occlusal and lateral view, the 
dentigerous margin is straight. The lateral surface (Fig. 5B) is divided dorsoventrally into 
two areas: a dorsoventrally convex dorsal part, forming the lateral surface of the alveoli, 
and a slightly concave and smooth ventral sulcus, running anteroposteriorly and parallel to
the dentigerous margin. The dorsal part is devoid of ornamentation and neurovascular 
foramina, and we hypothesise that the latter were housed along the now-lost central 
surface of the ventral sulcus. The alveolar part of the lateral surface (dorsal to the sulcus) 
becomes slightly more convex toward the anterior end. In ventral view (Fig. 8G), the 
posterior end of the ventral sulcus is overhung by the ventral margin of the alveolar 
margin, whereas in the distal end of the bone the sulcus is relatively shallower and is not 
overhung by the ventral margin of the alveolar margin. The alveoli are ovoid-quadrangular 
in occlusal view (Fig. 8A). The interalveolar spaces are very narrow lips of bone. In medial 
view, the paradental plates are fused, forming a continuous paradental lamina that apically
does not reach the level of the dorsal margin of the lateral surface (Figs. 8C, E). The 
medial surface of the paradental lamina is ornamented by a continuous series of low 
ridges and sulci inclined posterodorsally at 45 degrees (Fig. 8E). The lingual bar is 
preserved posterior to the anteriormost alveolus. Although the lingual bar is tightly 
connected with the medial surface of the alveolar surface, a discontinuous sulcus is visible
along their contact in occlusal view. The dorsoventral depth of the lingual bar decreases 
toward the anterior end. The palatal surface of the lingual bar is slightly convex 
mediolaterally and concave ventrally. The ventral surface of the lingual bar and the medial 
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surface of the bone, ventral to the alveoli, form the smooth lateral margin of the Meckelian 
fossa. The basal part of erupting tooth crowns are preserved inside the alveoli. The cross 
section of the crowns is elliptical to drop-shaped, more convex labially. The mesiodistal 
axis of the teeth is directed anterolaterally relative to the anteroposterior axis of the tooth 
row.
Tetanurae
Carcharodontosauridae
Carcharodontosauridae gen. et sp. indet.
Specimen: MGGC 21891 (Fig. 8H-L).
Description. The specimen is an incomplete middle caudal vertebra. Most of the 
centrum is preserved, whereas the neural arch is mostly lost with the exception of the 
neural canal floor, the zygapophyseal pedicels and the proximal end of the ribs. The neural
arch is fused to the centrum and no neurocentral suture is visible. The centrum is 
amphicoelous, with both intercentral facets that are elliptical, and taller than wide. The 
anterior intercentral facet is taller than the posterior, due to the presence of prominent 
centroprezygapophyseal laminae that dorsally roof the centrum margin (Figs. 8I, J). The 
centrum is mediolaterally compressed at mid-length and hourglass-shaped in ventral view.
The narrow ventral surface of the centrum bears a shallow depression bounded laterally at
both anterior and posterior ends by the chevron facets. The chevron facets are 
significantly worn, although the preserved surfaces show that the posterior chevron facets 
were slightly longer than the anterior. The lateral surfaces of the centrum are slightly 
concave anteroposteriorly. No pleurocoels are present. The neural arch is extended along 
the anterior six seventh of the dorsal surface of the centrum. The broken margins of the 
neural arch show a camellate internal structure (several small chambers separated by 
narrow septa; Fig. 8L). The bases of the prominent centroprezygapophyseal laminae are 
preserved, and indicate that the latter funnelled the anterior end of the neural canal (Figs 
8H, I). The prezygapophyses are lost, except for their bases, in the point where the 
centroprezygapophyseal laminae and the anterior end of the ribs merge. The proximal 
base of the ribs is preserved: it is extended along the central half of the ventral margin of 
the neural arch. The rib bases are dorsally concave in lateral view (Fig. 8H). The 
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preserved ventral part of the neural canal is narrow. The bases of the 
centropostzygapophyseal laminae are preserved. They are less prominent than the 
corresponding prezygapophyseal laminae, and do not form a funnel-like extension of the 
neural canal (Fig. 8J).
cf. Spinosauridae
Specimen: MGGC 21892 (Fig. 8M-P)
Description. The specimen is a partial ungual phalanx. The articular end, flexor 
tubercle and distal tip are missing. In proximal view, the ungual is elliptical, about twice 
taller than wide at mid-height (58 mm vs 31 mm; Fig. 8N). The internal texture of the bone 
is exposed in proximal view. The dorsal half of the internal of the bone appears spongy. In 
the centre, an elliptical pit is present. The pit is one-third the depth of the bone and may 
represent the distal end of a hollow chamber. The ventral fourth of the bone is formed by 
compact bone with no vascularisation. In lateral view, the bone is ventrally concave and 
dorsally convex. The preserved dorsal curvature of the ungual is about 80 mm long 
proximodistally, the ventral margin is 50 mm long. The curvature along the ventral margin 
is more marked than along the dorsal margin. Along the middle of both lateral sides a 
shallow collateral sulcus runs proximodistally (Fig. 8M). The two collateral sulci are sub-
parallel. The dorsal surface of the phalanx is uniformly convex transversely. The ventral 
surface of the phalanx is transversely convex, lacking both sulcus and keel.
7. Taxonomy of theropod non-dental remains
Based on the combination of distal paradental laminae that are fused and 
ornamented by lingual furrows and rugosities, MGGC 21889 is referred to Abelisauridae 
(Sampson and Witmer, 2007; Carrano and Sampson 2008). In overall shape and relevant 
features, the specimen is comparable to the posterior end of the buccal margin of the 
dentary of Majungasaurus (Sampson and Witmer, 2007). This interpretation is confirmed 
by the result of the phylogenetic analysis, placing the specimen among an unresolved 
polytomy with the abelisaurid OTUs included (Fig. 7B). Unambiguous synapomorphies 
supporting this placement are the presence of sculptured and furrowed medial surface of 
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the paradental laminae (char. 376.1), and presence of quadrangular alveoli (char. 490.1). 
Therefore, the specimen is referred to an indeterminate abelisaurid taxon.
The presence of camellate pneumatisation in the neural arch restricts the referral of 
MGGC 21891 to three theropod clades: Abelisauroidea, Carcharodontosauria, and 
Coelurosauria (Benson et al., 2011). The presence of prominent centroprezygapophyseal 
laminae funnelling the neural canal was reported by Rauhut (2011) as a synapomorphy of 
Carcharodontosauridae. In overall shape and proportions, the specimen is comparable to 
the middle caudal vertebrae of carcharodontosaurids (e.g., Coria and Currie, 2006). This 
interpretation is confirmed by the result of the phylogenetic analysis, that placed MGGC 
21891 among the carcharodontosaurids (Fig. 7B) based on two unambiguous 
synapomorphies: presence of camellate pneumatisation (char. 189.2), and presence of 
dorsally concave caudal ribs (char. 675.1). Therefore, we refer MGGC 21891 to the latter 
clade.
Based on overall shape, size, curvature and mediolateral compression, the phalanx 
MGGC 21892 is interpreted as the manual ungual of a large-bodied theropod. Among 
Theropoda, the evident ventrodistal curvature of the bone (suggesting a falciform shape) 
and the presence of collateral sulci in MGGC 21892 exclude its referral to Abelisauridae, 
the latter bearing atrophied manual phalanges lacking unguals (Carrano and Sampson 
2008). The absence of a keeled ventral margin, the significant distal tapering of the ventral
outline, and the symmetrical placement of the collateral sulci exclude the referral of the 
specimen to Megaraptora (Benson et al. 2012). Although lacking unambiguous 
synapomorphies of Spinosauridae, in overall size, shape and proportions, MGGC 21892 is
comparable to manual ungual I of the spinosaurid Suchomimus (see Benson et al. 2012, 
fig. 15 G-H). We therefore refer this specimen to cf. Spinosauridae.
8. Discussion
The phylogenetic analysis on discussed theropod teeth recovered them into two 
clades: Abelisauroidea and Spinosauridae. Both clades are also represented in the non-
tooth material (Bouaziz et al., 1988; Buffetaut and Ouaja, 2002, this study). A third clade, 
Carcharodontosauridae, is represented by an isolated caudal vertebra. These results 
indicate an early Albian ‘basal theropod association’ lacking coelurosaurs, in agreement 
with previous studies on North African theropod faunas (e.g., Sereno and Brusatte, 2008). 
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However, the exact number of species present in the association is unclear although a 
minimum of three species is inferred based on the three recovered clades. The absence of
carcharodontosaurids in the tooth material supports the hypothesis that the latter were 
relatively less abundant than spinosaurids and abelisauroids, which are represented by, 
respectively, three and five tooth morphotypes. Morphotypes 1 and 2 include the largest 
recovered teeth in the Tunisian beds. Although overall size, denticle morphology and 
distribution, and enamel characteristics are consistent between Morphotype 1 and 2, there 
are significant differences in the basal cross-section as well as in the position of the 
carinae, which are here interpreted as a reflection of positional differences (see Smith, 
2007). Thus, being referable to distinct positions along the tooth row (i.e., more mesial 
dentition for Morphotype 1, more distal dentition for Morphotype 2), their differences can 
be explained, at least in part, as the result of heterodonty along the same tooth row, and 
do not necessarily imply a taxonomic distinction. Phylogenetic analysis indicates that 
Tunisian teeth included in Morphotype 1 as well as specimens MNHN GRD553a, 
GRD553b and GAD600 may be interpreted as anterior teeth of large-bodied abelisauroids 
characterized by a leaf-shaped basal cross section and a migration of the distal carina 
toward the labial side.
Teeth pertaining to Morphotype 2 have a symmetrical, strongly labio-lingually compressed 
basal cross-section with no displacement of the carinae along the tooth crown. These 
primarily lateral teeth are the relatively more common in the examined database in 
comparison with those included in Morphotype 1, a numerical disparity that could reflect 
abundance difference between lateral (more abundant) and mesial (less abundant) teeth 
in typical theropod oral series (e.g., Smith, 2007). Enamel wrinkles are very prominent and
deeper near the serrated carinae in Morphotype 2, a parameter that has been considered 
as diagnostic for carcharodontosaurids, including Carcharodontosaurus saharicus (e.g., 
Sereno et al., 1996; Coria and Currie, 2006; Cillari, 2011; Richter et al., 2013), although it 
is also present in some abelisaurids (Canale et al., 2009; Hendrickx and Mateus, 2014). 
We consider Morphotypes 1 and 2 as mesial and lateral teeth referable to adult individuals
of the same large–bodied abelisauroid taxon. Alternatively, these morphotypes represent 
two distinct large–bodied abelisauroid taxa that are at the time of writing represented by 
teeth from distinct positions along the oral margin: an interpretation that we consider as 
less parsimonious and more unlikely. 
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The Morphotypes 6, 7 and 8 resulted among Abelisauroidea, with Morphotypes 6 
and 8 closely related to Morphotype 2. The most macroscopic difference of these 
morphotypes from Morphotypes 1 and 2 teeth is in overall smaller size. Furthermore, 
Morphotypes 6 and 8 differ from Morphotype 2 in lacking marginal ornamentation and in 
lacking hooked denticles. The latter combination is a reversal to the plesiomorphic 
conditions shared by non-abelisaurid ceratosaurians (based on character state distribution 
in the analyses of Hendrickx and Mateus, 2014). Although no data are known on the 
ontogenetic modification in abelisauroid dentition, ontogenetic changes in tooth 
morphology comparable to the differences between Morphotypes 6/8 and Morphotype 2 
are reported in other large-bodied theropods (e.g., Carr, 1999). For example, in 
tyrannosaurids, the juvenile dentition retains symplesiomorphic features shared by most 
non-tyrannosaurid coelurosaurs (Carr, 1999). Assuming a similar phenomenon among 
abelisaurids, the features in Morphotypes 6 and 8 could be explained as an 
ontogenetically immature stage of development instead of a genuine plesiomorphic 
condition. Although we cannot exclude that Morphotypes 6 and 8 (and eventually, 
Morphotype 7) represent a second abelisauroid taxon with adult body size smaller than the
taxon represented by Morphotypes 2 (and eventually, Morphotype 1), we suggest to 
consider the former morphotypes as belonging to immature individuals of the same taxon 
represented by larger specimens. It is noteworthy that large-bodied abelisauroids are 
reported from lower Aptian levels of western Libya, less than 50 km from the Tunisian 
border (Smith et al., 2010).
The Morphotypes 3, 4 and 5 are referred to Spinosauridae. Although Morphotype 3 
shares a serration pattern with members of Baryonychinae (Charig and Milner, 1997; 
Sereno et al., 1998), the former OTU was not recovered as a member of the ‘Baryonyx + 
Suchomimus’ node. In particular, the Morphotype 3 teeth lack the braided enamel texture 
characteristic of the mentioned baryonychine genera (Hendrickx and Mateus, 2014), 
suggesting that the Tunisian teeth belonged to a spinosaurid taxon distinct from Baryonyx 
and Suchomimus. Buffetaut and Ouaja (2002) reported presence of spinosaurine 
spinosaurids in the Lower Cretaceous of Tunisia. Although Morphotypes 4 and 5 share 
derived features with spinosaurine teeth (e.g., Sues et al., 2002), the phylogenetic 
analyses did not recover a Spinosaurinae clade including any of the Tunisian 
morphotypes. 
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8. Stratigraphic and palaeoecological occurrence of theropod material
The deposition of the Chenini fluvial unit marks a major variation in the 
environmental condition in southern Tunisia during the late Aptian. The Chenini Member 
preserves high-energy fluvial deposits that accumulated under arid to strongly seasonal 
conditions, as indicated by indurated and cemented grains, the abundance of iron oxides 
and phosphatized organic remains (including dinosaur teeth and bones) and the absence 
of megaplants (Fanti et al., 2012 and references therein). A vast, palaeo-drainage system 
characterized by periods of very low net sediment accumulation and channel incision as 
well as high rates of sediment reworking is also consistent with the absence of well-
preserved, articulated or associated fossil remains. The basal deposits of the overlying 
Oum ed Diab Member, interpreted as a transgressive lag, also include reworked elements 
originally within the Chenini Member. As such, theropod teeth described here pertains also
to the Chenini deposits. Previous studies also reported isolated and poorly preserved 
sauropod bone and teeth (titanosauriforms and rebbachisaurids), teeth and scales of 
actinopterygian fishes, and rare crocodilian teeth and turtle carapace fragments from this 
interval (Bouaziz et al., 1988; Benton, 2000; Fanti et al., 2012, 2014). The fossil 
assemblage referred to the Chenini Member preserves teeth representative of all 
discussed morphotypes although with significant variations in their relative abundance. 
Morphotypes 1, 2, 6, 7, and 8 represent approximately the 90% of all theropod teeth 
referable to this unit, whereas Morphotypes 3 and 5 amount to the 8% and Morphotype 4 
only to the 2% (Fig. 9). 
The overlying deposits of the Oum ed Diab Member are interpreted as a vast 
estuarine to embayment environment characterized by freshwater and marine fishes such 
as elasmobranchs, actinopterygians, and sarcopterygians, including large-sized 
coelacanthiforms (Mawsonia sp.) and dipnoans (Ceratodus sp. and Neoceratodus sp.). 
Crocodyliforms are the dominant tetrapod fauna, represented by approximately 85% of all 
identifiable elements collected from this unit (Fig. 9). Known taxa range from small-bodied 
forms comparable to Araripesuchus to large-bodied taxa related to Hamadasuchus and 
Sarcosuchus (Fanti et al., 2012). Dinosaur remains are rare and represented by scattered 
postcranial elements, the articulated remains of the rebbachisaurid sauropod Tataouinea 
hannibalis, and isolated theropod remains (Fanti et al., 2012, 2013, 2014). Isolated 
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theropod teeth from the Oum ed Diab deposits pertains almost exclusively to Morphotypes
3, 4 and 5 (96% of collected specimens), with rare teeth referred to Morphotypes 2 and 6 
(Fig. 9).
Thus, available data support a robust correlation between the stratigraphic 
occurrence of theropod taxa and a major variation in the palaeoecological conditions 
inferred from the sedimentological data. Abelisauroids and the rare carcharodontosaurids 
(together with titanosauriforms and rare rebbachisaurids) are confined in the wadi-like, arid
alluvial plain deposits of the Chenini Member. Conversely, spinosaurids (including 
baryonychine taxa) become predominant in the estuarine and embayment deposits of the 
Oum ed Diamb Member, characterized by rich and diverse crocodilian and fish fauna (Fig. 
9). Spinosaurids have been interpreted as piscivorous animals, based on direct evidence 
of fish remains associated with spinosaurids and on the morphology of both skull and 
dentition (Charig and Milner, 1997; Dal Sasso et al., 2005). Furthermore, isotopic analyses
on spinosaurid teeth support a more aquatic lifestyle for these theropods, compared to 
other predatory dinosaurs (Amiot et al., 2010). The environmental segregations between 
the estuarine-based spinosaurids and the arid/alluvial-based non-spinosaurid theropods 
documented in the Chenini and Oum ed Diamb members, is coherent with these 
hypotheses, and support the interpretation of the spinosaurid peculiarities as the result of 
adaptive evolution to a 'crocodile-like' ecology in these basal tetanurans (Holtz, 1998). 
Although the phylogenetic analysis of discussed tooth morphotypes does not clearly 
discriminate the placement of the spinosaurid Morphotypes 3 to 5 between Spinosaurinae 
or Baryonychinae, the overall morphologies of theses teeth supports the co-occurrence of 
a baryonychine-like taxon and a spinosaurine-like taxon in the estuarine ecosystems of the
Albian of Tunisia. The numerical abundance and co-occurrence of diverse spinosaurid 
lineages in the same palaeoenvironment has not been reported before (see Bertin, 2010), 
and further supports the hypothesis that spinosaurids were not only ecologically segregate
from other large-bodied theropods, but also well adapted to specific environmental 
conditions not exploited by other dinosaurs (Hone, 2010). Following these arguments, the 
morphological differences in both snout and dentition between baryonychines and 
spinosaurines (Charig and Milner, 1996; Sereno et al., 1998; Sues et al., 2002; Dal Sasso 
et al., 2005) may be explained as the result of adaptive divergence in order to reduce 
source competition among sympatric spinosaurids.
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9. Conclusions
A revision of theropod material from the mid-Cretaceous deposits of southern 
Tunisia provides important insight into the taxonomic diversity of important theropod 
clades in the Saharan region. Pending the discovery of more complete and diagnostic 
skeletal material, results presented in this study indicate the presence of three clades, 
Spinosauridae, Abelisauroidea, and Carcharodontosauridae. In particular, parsimony 
analysis suggests that the eight tooth morphotypes are referable to two clades. Several 
lines of evidence provided here concur in interpreting the five ziphodont tooth morphotypes
recovered (i.e., Morphotypes 1, 2, 6, 7, 8) as representing ontogenetic and positional 
differences among the dental series of a single abelisauroid taxon, instead of several 
species of different size. The interpretation of the three morphotypes referred to 
Spinosauridae is more problematic, and we cannot exclude that they may represent two 
distinct clades (i.e., Baryonychinae and Spinosaurinae). Relevant for the identification of 
Saharan isolated specimens, carcharodontosaurids are not represented in the teeth record
but by isolated postcranial material only, thus relatively less abundant than spinosaurids 
and abelisauroids. In addition, the stratigraphic occurrence of theropod material supports 
an accentuate partition of abelisauroids –and rare carcharodontosaurids– in the fluvial 
deposits of the Chenini Member, and spinosaurids in the overlying estuarine to coastal 
deposits of the Oum ed Diab Member. 
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Fig. 1: A. Present day map of Africa showing the mid-Cretaceous localities from which 
isolate theropod teeth included in this study have been discovered. B. Reference map of 
Tunisia showing the position of the Tataouine Basin: the study area is located along the 
prominent Jeffara escarpment. C. Stratigraphic nomenclature for the mid-Cretaceous of 
southern Tunisia (after Fanti et al., 2012). Dashed lines indicate major unconformities.
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Fig. 2: Morphotype 1. A, MGGC TUN33; B, MNHN GRD553; C, MNHN GAD600; D, 
MNHN GRD553a. Morphotype 2. E, MGGC TUN86; F, MNHN MRS1802a; G, MNHN 
MRS1802b; H, MGGC TUN9 (note the marginal wrinkles near the distal carina). Scale bar 
1cm. 
Fig. 3. Morphotype 3. A, MGGC TUN86 and B, SEM image of the mesial carina (scale bar 
0.5 mm); C, MNHN MRS654; D, MNHN GRD514; E, MNHN MRS1593. Morphotype 4. F, 
MGGC TUN107 and G, SEM image of the apical margin of the distal carina (scale bar 0.2 
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mm); H, MGGC TUN143; I, MNHN GAD570; J, MNHN GAD544; K, MNHN GAD161; L, 
MNHN GAD1966; M,MNHN GAD507; N, MNHN GRD520. Morphotype 5. O, MGGC 
TUN153 and P, SEM images of the ornamented enamel surface and mesial carina (scale 
bar 1mm); Q, MNHN MRS656. Scale bar 1 cm.
Fig. 4. Morphotype 6. A, MGGC TUN47 and B, SEM images of the distal and mesial 
carinae (scale bar 1mm). Morphotype 7. C, MGGC TUN26 and D, SEM images of the 
distal and mesial carinae (scale bar 1mm); E, MNHN GAD544. Morphotype 8. F, MGGC 
TUN45 and G, SEM images of the distal and mesial carinae (scale bar 0.5 mm); H, MGGC
TUN78. Scale bar 1 cm.
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Fig. 5. Bivariate plots of theropod tooth parameters. A. TCH versus FABL/BW ratio of 
specimens collected in Southern Tunisia and those hosted in the MNHN collections. B. 
bivariate plot including all discussed specimen and other selected theropod taxa from 
Africa and North America.
71
Fig. 6. Principal Component Analysis of the Tunisian samples according to the first two 
principal components (PC1 and PC2). Column plots show relative loading of variables 
included in the PCA.
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Fig. 7. A, strict consensus topology of the shortest trees found by the analysis of the data 
set updated from Hendrickx and Mateus (2014). Tunisian morphotypes in bold. B, strict 
consensus topology of the 82 shortest trees found (length =2463, Consistency Index 
=0.3886, Retention Index =0.5201) by the analysis of the data set updated from Cau et al. 
(2013). Tunisian specimens in bold. In both diagrams, numbers adjacent to nodes indicate 
Decay Index values >1.
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Fig. 8. Isolated theropod remains from the Aptian-Albian of Southern Tunisia. A-G, 
fragment of abelisaurid left dentary (MGGC 21889) in dorsal (A), lateral (B), medial (C), 
ventral (D), anterior (F), posterior (H) views. E, detail of the paradental laminae in medial 
view, showingornamentation pattern. H-L, carcharodontosaurid middle caudal vertebra 
21891in right lateral (H), anterior (I), posterior (J), dorsal (K) views. L, detail of neural arch 
in dorsal views showing camellate pneumatisation. M-P, spinosaurid manual ungual in 
right lateral (M), proximal (N) and distal (O) views. Reconstruction of the complete ungual, 
with black parts based on Suchomimus tenerensis (Benson et al., 2012, fig. 15). 
Abbreviations: cp, camellate pneumatisation; cpl, centroprezygapophyseal lamina; lb, 
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lingual bar; ls, lateral sulcus; mf, Meckelian fossa; nc, neural canal; pp, paradental plates; 
rb, rib base. 
Fig. 9. Simplified and comprehensive stratigraphic log of the Early Cretaceous continental 
beds exposed in the study area and relative palaeoenvironmental interpretation. The 
different fossil assemblages found in the Chenini and Oum ed Diab members allows to 
refer vertebrate remains to a specific chronostratigraphic framework and also support a 
robust correlation between the stratigraphic occurrence of theropods and crocodyliforms 
and major variation in the palaeoecological conditions.
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Table 1. Parameters of isolated Saharan theropod and crocodyliformes teeth discussed in the text and comparative taxa 
dental measurements. 
TCH (mm) FABL (mm) BW (mm)
Tunisian Material
Specimen
Morphotype 1
MGGCTUN33 60 27 17
MGGCTUN112 68 27 22
Morphotype 2
MGGCTUN9 41 22 14
MGGCTUN14 50 31 19
MGGCTUN19 38 25 15
MGGCTUN39 38 27 16
MGGCTUN41 33 24 12
MGGCTUN42 36 26 14
MGGCTUN46 35 32 18
MGGCTUN72 29 31 17
MGGCTUN86 55 27 12
MGGCTUN87 54 32 15
MGGCTUN111 29 24 15
MGGCTUN113 27 24 13
MGGCTUN114 48 26 18
Morphotype 3
MGGCTUN3 29 16 13
MGGCTUN5 42 18 13
MGGCTUN10 48 19 20
MGGCTUN17 35 15 14
MGGCTUN31 23 11 8
MGGCTUN40 17 10 7
MGGCTUN43 60 17 15
MGGCTUN44 35 18 14
MGGCTUN82 22 10 8
MGGCTUN101 70 22 18
MGGCTUN102 35 15 14
MGGCTUN104 22 9 11
MGGCTUN105 34 15 12
MGGCTUN127 41 15 12
MGGCTUN134 25 16 12
MGGCTUN106 70 26 17
Morphotype 4
MGGCTUN1 40 20 14
MGGCTUN13 28 14 12
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MGGCTUN36 39 16 12
MGGCTUN37 43 14 9
MGGCTUN38 35 14 10
MGGCTUN55 43 17 12
MGGCTUN68 36 15 11
MGGCTUN69 36 15 10
MGGCTUN70 23 16 12
MGGCTUN95 43 15 11
MGGCTUN107 44 18 15
MGGCTUN108 38 17 13
MGGCTUN143 53 19 14
MGGCTUN149 29 20 15
MGGCTUN126 35 17 15
Morphotype 5
MGGCTUN116 28 18 15
MGGCTUN153 67 22 21
MGGCTUN67 20 9 8
MGGCTUN103 23 14 11
MGGCTUN109 20 12 10
MGGCTUN137 17 14 10
MGGCTUN151 26 17 14
Morphotype 6
MGGCTUN27 32 20 10
MGGCTUN30 31 19 9
MGGCTUN32 35 19 13
MGGCTUN45 18 16 10
MGGCTUN47 29 19 12
MGGCTUN76 24 14 8
MGGCTUN79 26 18 13
MGGCTUN80 16 9 6
MGGCTUN15 24 15 11
Morphotype 7
MGGCTUN26 20 11 7
MGGCTUN77 14 11 7
Morphotype 8
MGGCTUN16 18 13 6
MGGCTUN28 14 11 5
MGGCTUN75 13 10 5
MGGCTUN78 20 14 7
Crocodyliformes 
MGGCTUN2 36 16 12
MGGCTUN4 35 14 12
MGGCTUN6 9 8 5
MGGCTUN7 9 5 4
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MGGCTUN8 15 9 7
MGGCTUN11 13 11 5
MGGCTUN12 38 14 11
MGGCTUN18 27 12 10
MGGCTUN20 68 30 25
MGGCTUN21 20 10 5
MGGCTUN22 19 13 10
MGGTUN23 28 9 9
MGGCTUN24 58 23 19
MGGCTUN25 14 7 5
MGGCTUN29 17 11 6
MGGCTUN34 5 5 5
MGGCTUN35 15 6 6
MGGCTUN48 13 5 5
MGGCTUN49 33 15 13
MGGCTUN50 19 9 10
MGGCTUN51 30 10 10
MGGCTUN52 28 7 9
MGGCTUN53 17 7 8
MGGCTUN54 23 12 10
MGGCTUN56 36 13 14
MGGCTUN57 48 17 17
MGGCTUN59 25 10 9
MGGCTUN60 20 8 9
MGGCTUN61 22 8 8
MGGCTUN62 25 12 15
MGGCTUN63 25 9 10
MGGCTUN65 35 15 16
MGGCTUN66 14 15 15
MGGCTUN71 24 12 9
MGGCTUN73 18 11 8
MGGCTUN74 25 18 15
MGGCTUN81 17 9 7
MGGCTUN83 11 6 6
MGGCTUN84 71 37 34
MGGCTUN85 71 36 34
MGGCTUN88 31 10,5 11
MGGCTUN89 43 18 17
MGGCTUN90 54 16 16
MGGCTUN91 42 22 20
MGGCTUN92 27 13 11
MGGCTUN93 21 10 10
MGGCTUN94 17 7 6
MGGCTUN96 27 11 10
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MGGCTUN97 16 10 10
MGGCTUN98 41 14 14
MGGCTUN99 9 7 5
MGGCTUN100 13 6 6
MGGCTUN110 22 9 8
MGGCTUN115 26 8 7
MGGCTUN117 8 4 4
MGGCTUN118 24 11 9
MGGCTUN119 36 17 14
MGGCTUN120 10 5 5
MGGCTUN121 16 4 3
MGGCTUN122 33 12 10
MGGCTUN123 25 14 11
MGGCTUN124 37 15 12
MGGCTUN125 22 9 7
MGGCTUN128 33 18 17
MGGCTUN129 12 6 5
MGGCTUN130 13 5 4
MGGCTUN131 31 11 10
MGGCTUN133 29 10 8
MGGCTUN135 20 9 7
MGGCTUN136 24 12 11
MGGCTUN138 20 10 8
MGGCTUN139 32 13 12
MGGCTUN140 23 10 9
MGGCTUN141 9 5 5
MGGCTUN142 28 18 11
MGGCTUN144 27 13 9
MGGCTUN145 21 12 11
MGGCTUN146 31 17 13
MGGCTUN147 23 15 12
MGGCTUN148 30 15 12
MGGCTUN150 16 11 11
MGGCTUN152 13 5 4
Specimen hosted at the MNHN in Paris
Carcharodontosaurus sp.
MRS 1532a 68 31 20
MRS 1532b 50 32 15
MRS 1532c 59 28 18
MRS 1802a 50 23 9
MRS 1802b 75 30 16
MRS 1802c 62 27 13
MRS 1802d 68 29 18
79
MRS 1802e 43 16 8
MRS1458a 86 36 24
MRS1458b 58 30 17
MRS1458c 75 34 15
MRS1458d 73 32 16
MRS1458e 78 34 18
MRS1458f 64 28 14
MRS1458g 52 23 15
MRS1458i 52 28 14
MRS1234 70 34 16
MRS1235 55 24 16
MRS1237 88 34 16
MRS1236 68 35 17
MRS1238 54 25 17
MRS1239 65 34 16
MRS1521 43 24 13
MRS1438 40 22 11
GADSTELLA 86 33 17
MRS1458h 90 33 18
Abelisauridae indet.
MRS1266 34 14 7
MRS 348 48 17 13
MRS 1838 36 19 9
MRS783 28 14 6
Small theropod indet. 
GAD587 25 11 4
GAD568 30 11 5
GAD571 25 10 5
GAD557 50 16 7
GAD573 30 13 6
GAD627 32 15 7
GAD575 21 8 4
GAD208 29 13 7
GAD369 27 14 6
GAD601 17 7 3
GAD583 38 15 6
GAD595 22 8 4
GAD610 14 7 4
GAD597 16 8 5
GAD592 26 9 5
GAD602 18 7 3
GAD591 23 9 5
GAD588 25 10 6
GAD559 20 14 8
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GAD562 15 10 6
GAD608 15 8 3
GAD574 20 9 4
GAD596 16 10 4
GAD616 10 6 3
GAD565 13 6 4
GAD613 11 4 3
GAD606 14 5 3
GAD614 12 5 3
GAD577 29 7 5
GAD612 13 7 3
GAD620 11 6 3
Loc. Tahroumit a 42 15 10
Loc. Tahroumit b 45 16 9
Loc. Tahroumit c 27 12 6
Loc. Tahroumit d 31 15 7
Loc. Tahroumit e 30 15 7
Loc. Tahroumit f 16 9 6
Loc. Tahroumit g 17 7 4
Loc. Tahroumit h 21 11 6
Loc. Tahroumit i 15 9 5
Loc. Tahroumit l 28 11 7
Loc. Tahroumit m 21 11 6
Loc. Tahroumit n 23 10 5
Loc. Tahroumit o 15 8 5
Loc. Tahroumit p 19 11 6
GAD505 43 10 5
GAD596 43 14 6
DSC9680a 17 6 3
DSC9680b 15 9 4
DSC9680c 20 10 4
DSC9680d 16 9 3
DSC9680e 21 12 5
DSC9680f 16 9 3
DSC9693a 19 11 7
DSC9693b 24 12 7
DSC9693c 28 12 6
DSC9693d 26 15 9
MRS1619 21 12 6
MRS1620 20 10 5
MRS1255 21 12 6
MRS1123 22 12 6
MRS1264 25 12 7
Baryonichinae indet.
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GAD1966 55 17 12
GAD544 34 12 10
GAD1966 a 47 18 15
GAD1966 b 52 17 17
GAD1966 c 63 19 15
GAD210 25 14 8
GAD570 23 14 7
GAD582 8 5 3
GAD625 43 20 10
GAD520 58 22 15
GAD154 50 19 14
GAD504 63 18 13
GAD507 54 21 16
GAD166 54 18 14
GAD161 68 20 13
GAD518 45 14 10
GAD151 53 22 15
GAD374 65 21 13
Spinosaurus sp.
MRS 1104a 62 17 14
MRS 1104b 43 11 10
MRS 514 63 21 14
MRS 516 69 22 17
MRS 525 67 19 15
MRS 530 36 14 12
MRS 588 34 12 9
MRS 595 28 12 8
MRS 343 60 25 21
MRS 345 66 19 16
MRS 352 48 18 15
MRS 349 52 21 14
MRS 355 60 16 12
MRS 359 38 13 12
MRS ?1593? 36 15 11
MRS 347 37 14 10
MRS 1103 60 21 20
MRS 656 40 18 15
MRS 1593 68 17 12
MRS1240 55 18 15
Denti cassetto 1 36 11 9
Denti cassetto 2 50 14 12
Denti cassetto 3 43 16 11
Denti cassetto 4 49 16 12
Denti cassetto 5 43 16 11
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Denti cassetto 6 45 15 10
Denti cassetto 7 21 7 7
Denti cassetto 8 22 12 8
Denti cassetto 9 44 14 11
Denti cassetto 10 38 14 9
Denti cassetto 11 34 14 9
Large theropod indet. 
GRD553 a 62 21 13
GRD553 b 82 32 18
GAD600 58 22 13
Crocodyliformes 
MRS 573 30 9 9
MRS 524 55 25 21
MRS 527 42 15 11
MRS 589 54 14 13
MRS 342 96 35 29
Data from Richter et al., 2013
Spinosaurus?
GZG.V.19990 29,8 13,0 11,5
GZG.V.19991 41,8 15,0 10,6
GZG.V.19992 28,1 12,9 12,0
GZG.V.19993 33,9 13,6 11,0
GZG.V.19994 30,2 11,0 9,6
GZG.V.20000 40,0 14,5 11,9
GZG.V.20001 32,2 14,1 11,0
GZG.V.20003 19,0 7,8 7,0
GZG.V.20007 32,1 13,5 11,1
GZG.V.20010 30,0 12,5 9,5
GZG.V.20011 37,9 13,4 10,1
GZG.V.20015 40,5 15,4 12,0
GZG.V.20017 40,0 15,8 12,0
GZG.V.20018 30,0 11,0 10,0
GZG.V.20019 39,5 17,0 13,5
GZG.V.20020 39,0 13,9 10,5
GZG.V.20022 32,2 11,5 9,0
GZG.V.20024 35,5 13,8 10,8
GZG.V.20026 41,0 12,2 10,0
GZG.V.20028 31,0 10,5 9,1
GZG.V.20029 24,5 11,1 8,0
GZG.V.20030 20,5 11,9 9,2
GZG.V.20032 45,9 15,9 12,8
GZG.V.20033 54,0 22,4 17,0
GZG.V.20034 48,0 17,5 12,1
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GZG.V.20035 61,0 21,0 17,3
GZG.V.20036 57,7 21,6 17,3
Comparative taxa dental parameter from Fanti and Therrien 2007
Masiakasaurus knopfleri 7,5 4,5 3,9
Masiakasaurus knopfleri 7,0 5,3 2,3
Masiakasaurus knopfleri 14,3 6,2 3,0
Masiakasaurus knopfleri 5,9 2,8 2,2
Masiakasaurus knopfleri 6,5 3,3 1,9
Masiakasaurus knopfleri 10,4 7,1 3,5
Masiakasaurus knopfleri 11,6 4,6 2,5
Masiakasaurus knopfleri 8,6 4,9 2,4
Masiakasaurus knopfleri 6,8 4,9 2,4
Masiakasaurus knopfleri 8,9 5,5 2,2
Indosuchus raptorius 29,4 19,5 9,1
Indosuchus raptorius 26,9 17,3 13,0
Indosuchus raptorius 27,3 16,6 10,7
Indosuchus raptorius 28,0 13,6 12,9
Indosuchus raptorius 26,0 16,0 10,5
Indosuchus raptorius 31,9 13,0 12,0
Majungasaurus crenatissimus 23,5 11,1 8,4
Majungasaurus crenatissimus 24,9 14,2 8,4
Majungasaurus crenatissimus 22,2 13,1 7,4
Majungasaurus crenatissimus 23,0 14,0 7,7
Majungasaurus crenatissimus 24,0 13,6 8,9
Majungasaurus crenatissimus 23,6 14,6 8,6
Majungasaurus crenatissimus 24,9 14,5 8,4
Majungasaurus crenatissimus 23,7 12,7 8,6
Majungasaurus crenatissimus 30,3 12,7 8,3
Majungasaurus crenatissimus 21,1 13,4 22,5
Majungasaurus crenatissimus 14,0 11,6 6,7
Majungasaurus crenatissimus 28,9 16,0 12,4
Majungasaurus crenatissimus 34,0 18,0 10,5
Majungasaurus crenatissimus 15,3 14,2 7,2
Majungasaurus crenatissimus 35,4 19,7 10,0
Majungasaurus crenatissimus 24,4 16,1 8,7
Majungasaurus crenatissimus 24,4 16,8 7,3
Majungasaurus crenatissimus 16,5 13,6 5,0
Majungasaurus crenatissimus 20,8 12,8 6,5
Majungasaurus crenatissimus 22,1 14,0 7,6
Majungasaurus crenatissimus 26,2 16,1 8,5
Majungasaurus crenatissimus 27,7 16,0 8,7
Majungasaurus crenatissimus 16,4 12,9 6,9
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Majungasaurus crenatissimus 33,6 19,9 8,4
Majungasaurus crenatissimus 37,7 18,3 14,5
Majungasaurus crenatissimus 18,2 14,9 6,7
Majungasaurus crenatissimus 22,6 16,8 6,2
Morphotype 3 - Majungasaurus 20,9 12,0 5,8
Morphotype 3 - Majungasaurus 26,9 12,4 5,8
Morphotype 3 - Majungasaurus 21,9 11,9 6,2
Morphotype 3 - Majungasaurus 19,7 10,8 4,9
Morphotype 3 - Majungasaurus 15,4 10,0 4,8
Morphotype 3 - Majungasaurus 16,7 8,8 5,1
Morphotype 3 - Majungasaurus 24,5 12,6 6,8
Morphotype 3 - Majungasaurus 19,5 12,5 6,4
Morphotype 3 - Majungasaurus 21,8 12,9 7,4
Morphotype 3 - Majungasaurus 17,4 13,8 6,4
Morphotype 3 - Majungasaurus 15,4 11,2 5,7
Morphotype 3 - Majungasaurus 16,7 10,8 5,0
Morphotype 3 - Majungasaurus 18,6 8,5 5,4
Morphotype 3 - Majungasaurus 18,7 12,7 6,1
Morphotype 3 - Majungasaurus 18,6 11,7 6,1
Morphotype 3 - Majungasaurus 18,5 10,3 7,2
Morphotype 3 - Majungasaurus 21,6 13,9 6,1
Morphotype 3 - Majungasaurus 20,9 13,3 5,5
Morphotype 3 - Majungasaurus 24,0 16,1 7,3
Morphotype 3 - Majungasaurus 17,0 10,4 4,9
Morphotype 3 - Majungasaurus 17,7 10,0 5,1
Morphotype 3 - Majungasaurus 26,7 12,3 6,7
Morphotype 3 - Majungasaurus 23,3 12,3 7,0
Morphotype 3 - Majungasaurus 19,1 11,4 5,3
Morphotype 3 - Majungasaurus 24,3 11,4 5,3
Morphotype 3 - Majungasaurus 29,1 14,6 7,6
Morphotype 3 - Majungasaurus 17,3 11,0 5,0
Morphotype 3 - Majungasaurus 16,4 13,2 6,5
Morphotype 3 - Majungasaurus 27,1 15,1 7,5
Morphotype 3 - Majungasaurus 29,6 16,6 8,3
Morphotype 3 - Majungasaurus 21,8 12,6 6,6
Morphotype 3 - Majungasaurus 25,4 12,5 6,3
Morphotype 3 - Majungasaurus 23,8 13,6 6,2
Morphotype 3 - Majungasaurus 36,5 16,7 7,5
Morphotype 3 - Majungasaurus 28,6 14,1 6,9
Morphotype 3 - Majungasaurus 21,0 13,0 6,7
Morphotype 3 - Majungasaurus 19,9 11,4 5,6
Morphotype 3 - Majungasaurus 19,1 9,6 4,4
Morphotype 3 - Majungasaurus 17,0 10,1 5,1
Morphotype 3 - Majungasaurus 24,3 10,3 5,4
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Morphotype 1 - Dromeosaurid? 14,0 8,9 3,9
Morphotype 1 - Dromeosaurid? 15,5 8,5 3,6
Morphotype 1 - Dromeosaurid? 14,3 7,6 3,2
Morphotype 1 - Dromeosaurid? 10,6 5,8 3,0
Morphotype 1 - Dromeosaurid? 14,8 7,8 4,1
Morphotype 1 - Dromeosaurid? 12,0 7,6 3,6
Morphotype 1 - Dromeosaurid? 10,2 6,5 3,1
Morphotype 1 - Dromeosaurid? 11,8 8,8 3,9
Morphotype 1 - Dromeosaurid? 8,1 5,5 2,8
Morphotype 1 - Dromeosaurid? 13,4 8,8 4,2
Morphotype 1 - Dromeosaurid? 10,3 7,4 3,3
Morphotype 1 - Dromeosaurid? 9,3 6,8 3,8
Morphotype 1 - Dromeosaurid? 14,9 9,3 4,6
Morphotype 1 - Dromeosaurid? 11,3 8,3 3,9
Saurornitholestes langstoni 8,5 5,0 2,1
Saurornitholestes langstoni 7,9 4,8 2,3
Saurornitholestes langstoni 8,9 5,2 2,2
Saurornitholestes langstoni 8,1 2,3 1,5
Saurornitholestes langstoni 9,9 4,6 2,2
Saurornitholestes langstoni 14,2 8,1 3,2
Saurornitholestes langstoni 10,5 4,9 2,3
Saurornitholestes langstoni 7,9 3,9 1,9
Saurornitholestes langstoni 9,1 4,1 1,9
Saurornitholestes langstoni 10,2 4,4 2,1
Saurornitholestes langstoni 10,6 4,9 2,3
Dromaeosaurus albertensis 15,0 7,8 4,4
Dromaeosaurus albertensis 10,4 4,0 2,7
Dromaeosaurus albertensis 15,0 7,3 4,2
Dromaeosaurus albertensis 12,7 5,2 3,3
Dromaeosaurus albertensis 13,9 7,8 4,2
Dromaeosaurus albertensis 23,6 8,9 5,0
Dromaeosaurus albertensis 8,1 5,3 2,6
Dromaeosaurus albertensis 10,9 5,9 3,2
Dromaeosaurus albertensis 9,8 5,9 3,1
Deinonychus antirrhopus 18,5 7,8 2,8
Deinonychus antirrhopus 12,6 8,8 3,0
Deinonychus antirrhopus 9,7 7,0 2,8
Deinonychus antirrhopus 12,4 9,8 2,0
Deinonychus antirrhopus 10,9 7,3 3,0
Deinonychus antirrhopus 13,8 10,4 3,0
Deinonychus antirrhopus 12,0 7,0 3,0
Deinonychus antirrhopus 10,4 7,9 3,0
Deinonychus antirrhopus 10,6 7,0 3,2
Deinonychus antirrhopus 16,8 10,8 3,6
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Deinonychus antirrhopus 14,6 9,5 4,0
Deinonychus antirrhopus 15,8 9,6 3,0
Deinonychus antirrhopus 13,0 7,8 4,0
Deinonychus antirrhopus 9,0 6,2 1,9
Deinonychus antirrhopus 12,5 7,8 3,3
Deinonychus antirrhopus 12,6 8,7 2,7
Deinonychus antirrhopus 10,8 8,7 2,7
Deinonychus antirrhopus 10,8 6,9 2,0
Deinonychus antirrhopus 12,6 8,1 3,0
Deinonychus antirrhopus 13,8 8,6 3,7
Deinonychus antirrhopus 10,7 5,7 4,0
Deinonychus antirrhopus 12,1 5,5 4,0
Deinonychus antirrhopus 12,4 8,7 2,2
Deinonychus antirrhopus 12,9 6,3 2,2
Deinonychus antirrhopus 12,4 8,7 2,9
Deinonychus antirrhopus 13,0 6,0 2,2
Deinonychus antirrhopus 11,0 6,0 2,0
Deinonychus antirrhopus 11,6 7,0 3,0
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CHAPTER 2 - Why so many dipnoans? A multidisciplinary approach on 
the Lower Cretaceous lungfish record from Tunisia.
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Abstract
The Lower Cretaceous record of vertebrates from Africa is problematic as the 
majority of fossil localities lack adequate stratigraphic and paleoecological data when 
compared with coeval Laurasian deposits. Thereby, our comprehension of 
paleocommunities and paleobiogeographic patterns may be affected by the lack of 
multidisciplinary approach. Among taxonomically and paleoecological significant clades, 
lungfishes (Sarcopterygii, Dipnoi) are commonly found in the Cretaceous fresh water, 
brackish and marginal-marine deposits of Gondwana, although identifiable elements are 
limited to isolated tooth plates. We provide the first taxonomic identification of dipnoans 
from the Ain el Guettar Formation of southern Tunisia (Oum ed Diab Member, Albian). 
Identification of tooth plates based on morphological parameters and phylogenetic 
analyses indicate the co-occurrence in a discrete stratigraphic unit of at least five lineages 
referable to Equinoxiodus, Neoceratodus, Asiatoceratodus and/or Ferganoceratodus, 
Ceratodus, and Lavocatodus. This unusually high diversity is unparalleled in the fossil 
record and is also challenged by an actualistic comparison with extant taxa. We suggest 
that a series of taphonomic factors significantly inflated observed lungfish diversity in the 
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estuarine and marginal-marine deposits of the Oum ed Diab Member. Therefore, we 
recognize the fossil fauna as representative of a larger, inland paleo-hydrographic system. 
This study confirms the paleoecological scenario resulted from the analyses on terrestrial 
reptiles from the Oum ed Diab Member.
1. Introduction
Despite the extensive record of lungfish taxa throughout the Paleozoic, Mesozoic 
and Cenozoic, the record of Cretaceous Gondwanan dipnoans is both stratigraphically and
geographically incomplete being primarily represented by isolated tooth plates, rarely 
associated to more complete remains (Agnolin, 2010; Soto and Perea, 2010; Clack et al., 
2011; Claeson et al., 2014). Recent studies based on a widely accepted set of diagnostic 
morphologic parameters have constrained known taxa to five lineages, corresponding to 
Linnean-rank families (i.e. Asiatoceratodontidae, Ceratodontidae, Lepidosirenidae, 
Neoceratodontidae, and Ptychoceratodontidae), the paleogeographic distribution of which 
is largely discussed (Agnolin, 2010; Soto and Perea, 2010, and references therein). 
Conversely, only a few studies have discussed the taphonomic and paleoecologic 
implication of the co-occurrence in discrete units, or even in single fossil localities, of 
multiple dipnoan taxa, primarily limiting the discussion to extant species. 
In this study, we describe surface-collected dipnoan tooth plates from the Lower 
Cretaceous deposits of the Tataouine basin of southern Tunisia (Fig. 1). 
The Tunisian material offers the opportunity to evaluate a diverse non-tetrapod 
sarcopterygian community including both coelacanthid and dipnoans, the latter 
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represented by several genera and species. Based on comparison with both the fossil 
record and present day ecology of lungfish species, such high diversity is unexpected 
within a single formation. The aim of this study is twofold: first, provide taxonomic 
information on the “mid-Cretaceous” dipnoans of southern Tunisia, and second, discuss 
this unique assemblage as a proxy for taphonomic and paleoecological implications. The 
combination of new parameters for the description of dipnoan tooth plates, high-resolution 
stratigraphic and sedimentological information, and phylogenetic analyses, provide new 
tools to interpret unusual assemblages in several Saharan and other Gondwanan 
localities. 
2. Material and methods
Dipnoan tooth plates discussed here (n=42) were surface collected from the Albian 
Oum ed Diab Member of the Ain el Guettar Formation beds exposed in the Tataouine 
region of southern Tunisia. Isolated plates are representative of four localities covering 
more than 80 km of the sedimentary basin: from North to South, El Hmaima, El Mra, Oum 
ed Dhiab, and El Kambout (Figs. 1 and 2).
 To properly identify isolated tooth plates, Tunisian specimens were first compared 
to other Gondwanan taxa described in the literature, and specifically from South America 
(Castro et al., 2004; Soto and Perea, 2010; Sousa et al. 2015), continental Africa (Martin, 
1984a; Churcher and De Iuliis, 2001), Asia (Nessov and Kaznyshkin, 1985), Australia 
(Kemp, 1997b), and Europe (Skrzycki, 2015) (Supplementary Material). The description of 
isolated dipnoan tooth plates resulted over the years in a variety of parameters considered
as phylogenetically informative, although the majority of authors focused on the following 
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parameters: 1. morphology and ratios comparison of margin length; 2. number, 
morphology and arrangement of crests; 3. broadness and position (anterior or mesial) of 
the mesiointernal angle; 4. presence of occlusal pits; 5 presence of ornamentation of the 
enamel. Agnolin (2010) remarked the inadequacy of several standard parameters in 
phylogenetic analyses (i.e. ornamentation and the presence of tubercles on the 
occlusal surface, the morphology of the intracrestal clefts, labial cusps, posterior heel at 
the end of the tooth plate, and the biometric parameters based on angles between crest) 
as they most likely reflect ontogenetic and individual variations. 
We formally re-defined most of the characters used by previous authors 
(Supplementary Material) and analyzed the distribution of these features among our 
sample using a phylogenetic approach, clustering the individual specimens according to 
shared derived features resulted by a phyletic framework minimizing the number of 
evolutionary events necessary to describe the observed variability. Morphometric and 
morphologic parameters of Tunisian specimens were consequently compared with plate 
parameters available in the literature for specimens of Equinoxiodus schultzei (Sousa et 
al., 2015), Ceratodus humei (Churcher and De Iuliis, 2001), Asiatoceratodus cf. 
tiguidiensis (Castro et al., 2004), Arganodus tiguidiensis, Neoceratodus africanus (Martin, 
1984a), Ferganoceratodus jurassicus (Nessov and Kaznyshkin, 1985), and Ceratodus 
africanus (Soto and Perea, 2010). The data set includes 45 morphological characters, 
scored for 53 operational taxonomic units (OTUs). Among the OTUs, the Australian 
ceratodontid Metaceratodus wollastoni (Kemp, 1997b) was used as outgroup, following the
phylogenetic framework of Schultze (2004). The ingroup includes 35 OTUs based on the 
Tunisian specimens collected by us, and nine additional dipnoan OTUs based on 
specimens referred to, respectively, Asiatoceratodus tiguidiensis (two OTUs), Ceratodus 
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africanus (one OTU), Equinoxiodus schultzei (two OTUs), Ferganoceratodus jurassicus 
(one OTU), Lavocatodus humei (two OTUs), Neoceratodus africanus (two OTUs), and 
Ptychoceratodus roemeri (one OTU). The data set was analyzed using TNT (Goloboff et 
al., 2008). We performed 100 Heuristic Search replicates, saving all shortest trees found. 
To reduce computation time, no more than 50000 trees were saved. Exploration of results 
setting a larger number of saved trees did not produce significant differences from the 
analysis with tree space set to 50000. 
In this study, we primarily follow the terminology of Churcher and De Iuliis (2001). 
We also consider ‘inner angle’ as synonymous for the mesiointernal angle (Fig. 3). Finally, 
in our positional identification, the distinction between upper and lower dental plates 
follows Martin (1984a), as inferior tooth plates commonly display a slightly concave lingual 
margin near the inner angle and a convex one toward distal edge.
Measurements were made with digital calipers with a precision to the nearest mm. 
Specimens are currently deposited at the Museo Geologico Giovanni Capellini (Bologna, 
Italy) under accession number 21912- 21931, whereas specimens ONM NG EMD 1-22 are
housed at the Musée de l’Office National des Mines in Tunis. 
 
2.1 Institutional abbreviations
CPHNAMA, Centro de Pesquisa de História Natural e Arqueologia do Maranhão, 
Praia Grande, São Luís, Brazil; MGGC, Museo Geologico Giovanni Capellini, Bologna, 
Italy; MGCT, Museo de Geociencias, Tacuarembó, Uruguay; MNHNP HGS, Museum 
National d’Histoire Naturelle, Paris, Sud du Hoggar; MNHNP HGN, Museum National 
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d’Histoire Naturelle, Paris, Nord du Hoggar; ONM, Office National des Mines, Tunis; QM, 
Queensland Museum, Brisbane, Australia; ROM, Royal Ontario Museum, Toronto, 
Canada; UFMA, Coleção Paleontológica da Universidade Federal do Maranhão, Bacanga,
São Luís, Brazil; ZPAL, Institute of Paleobiology, Polish Academy of Sciences, Warsaw, 
Poland. 
3. Geological and paleoenvironmental setting
The late Aptian–Albian Aïn El Guettar Formation crops out extensively along a 120 
km long section of the prominent cliff separating the Dahar Plateau from the Jeffara Plain 
in the Tataouine region of southern Tunisia (Bouaziz et al., 1988, 1999; Ben Ismaïl, 1991; 
Benton et al., 2000; Barale and Ouaja, 2002; Bodin et al., 2010; Fanti et al., 2012, 2015). 
In ascending order, the Aïn El Guettar Formation consists of the Chenini, Oum ed Diab 
and Rhadouane members representative of fluvial, coastal and shallow-marine deposits 
respectively (Fig. 2) (Fanti et al., 2012). Specimens described in this study were collected 
from the sandy deposits of the Oum ed Diab Member (Fanti et al., 2014, 2015, 2016). The 
lower beds of this unit are interpreted as fluvial sand bars that deposited in a vast 
estuarine system, whereas the overlying deposits gradually shift to shoreface, tidal flat, 
and foreshore deposits. The occurrence of frequent in situ tubules, rhizocretions and 
hematitic hard grounds interbedded in the sandy deposits support arid to xeric 
environments. Recent paleontological and stratigraphic studies on this Member in the 
Tataouine region revealed a rich and diverse vertebrate fauna representative of both fluvial
and costal environments (Fanti et al., 2014, 2015). With rare exceptions, all vertebrate 
remains are found as disarticulated elements, although their preservation is good. Based 
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on the stratigraphic occurrence of dipnoan tooth plates in the lower deposits of the Oum ed
Diab Member, the age of discussed taxa is considered as Albian (Fig. 2). The base of the 
Oum ed Diab Member is marked by a conglomeratic, fossil-rich transgressive lag: 
vertebrate remains from this marker bed may therefore be representative of both Chenini 
and Oum ed Diab deposits. Specimens from the El Mra locality represent the 
stratigraphically lowermost occurrence of isolated dipnoan plates discussed in this study: 
however, they were collected approximately 1.5 meters above the basal conglomerate of 
the Oum ed Diab and in lower energy, finer deposits. Therefore, we consider that the 
discussed association is not a result of reworking factors.
4. Taxonomic history of problematic taxa
4.1 Asiatoceratodus and Arganodus
Asiatoceratodus and Arganodus are considered as synonymous by Kemp (1998), 
Castro et al., (2004) and Agnolin, 2010, whereas Cavin et al., (2007), Soto and Perea 
(2010) do not fully recognize the synonymy. Based also on descriptions and discussion 
provided by Tabaste (1963), Vorobiyeva (1967), Martin (1982, 1984a), as well as on the 
light of direct observations on the Tunisian material, in this study we consider the two 
genera as synonymous.
4.2 Neoceratodus and Ceratodus
Ceratodus africanus was erected by Haug in 1905 to describe tooth plates from the 
Cretaceous of Niger and consequently transferred to the genus Neoceratodus by Martin 
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(1982, 1984a). Several authors challenged this interpretation, as neoceratodontid are 
restricted to the Cretaceous and Cenozoic deposits of Australia, as well as to the present 
day Neoceratodus forsteri (Cavin et al., 2007; Soto and Perea, 2010). Agnolin (2010) 
suggested a Late Cretaceous distribution limited to Gondwana for both Ceratodontidae 
and Neoceratodontidae although with biases related to the fossil record of Argentina. In 
this study, Ceratodus and Neoceratodus are considered as two valid and distinct taxa (see
below). 
4.3 Ceratodus humei and Lavocatodus humei 
Martin (1982) referred several tooth plates to Ceratodus humei but in his later 
publications (1984a, b) he transferred the genus to Protopterus. Churcher and De Iuliis 
(2001) have challenged this hypothesis recognizing both genera as valid. Cleason et al. 
(2014) referred C. humei to Lavocatodus humei based on newly collected Egyptian 
specimens and on a revision of plates described by Martin (1995) and Churcher and De 
Iuliis (2001). In this study, we agree with the taxonomic interpretation of Cleason et al. 
(2014) considering Lavocatodus humei as a valid taxon.
5. Results
5.1 Systematic paleontology
Dipnoi Müller, 1844
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Ceratodontiformes Berg, 1940
Lepidosirenidae Bonaparte, 1841
Lavocatodus Martin, 1995
L. humei Priem, 1914
Referred material: MGGC 21920; MGGC 21922 (Fig. 4)
Locality: El Hmaima; Oum Dhiab.
Description: these plates are sub–triangular, bearing five denticulations, with a distinct 
step between the buccal and occlusal margins. MGGC 21920, a left lower tooth plate, 
shows a series of crests on both buccal and occlusal sides that are strongly rounded and 
flat. The last denticulation is flatter than the other is, and joined to the distal edge. The 
occlusal surface is smooth and undulating. The last feature may be due to wearing during 
life and thus expresses some ontogenetic-biased variation in the sample. The inner angle 
is strongly obtuse (about 145°). A few thick ridges are visible occlusally. They do not 
converge to the mesiointernal angle. The first ridge does not correspond to the 
mesiobuccal margin, such as in other species (e.g., Neoceratodus africanus, Martin, 
1984a), but bisects the first denticulation (Tabaste, 1964; Martin, 1984a; Churcher and De 
Iuliis, 2001). The sulci are “U”-shaped, wide and shallow, decreasing in size distally. The 
distal sulcus is more “V”-shaped (Churcher and De Iuliis, 2001). The occlusal surface 
display a ‘dotted’ surface formed by several pits. MGGC 21920 is a left lower tooth plate. 
In ventral view, it retains part of the pre–articular, showing a “V”–shaped groove. This is 
the first specimen referred to L. humei that preserves that bony support, in agreement with
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Cleason et al. (2014) that reported a prearticular fragment referred to L. protopteroides 
with a preserved symphyeseal facet. An anterior process shows a linear symphysis along 
which the two hemimandibles joined together. 
MGGC 21922 is a fragmentary left upper tooth plate but shows more acute crests than the
other specimens show. Observed difference between lower and upper tooth plates 
concurs with the description by Churcher and De Iuliis (2001).
Stratigraphic Distribution: plates referred to Lavocatodus humei are reported from the 
Upper Cretaceous Quseir Formation of Egypt, which includes nearshore to fluvial deposits 
(Cleason et al., 2014). The Quseir Formation yielded three species of Lavocatodus, L. 
humei, L. protopteroides and L. giganteus, as well as Protopterus nigeriensis (Cleason et 
al., 2014). Cleason et al. (2014) also assigned Ceratodus humei to Lavocatodus humei: 
therefore, the distribution of this species should be extended to the Alcântara Formation of 
Brazil (Medeiros and Schultz 2001, 2002; Castro et al., 2004; Toledo and Bertini, 2005) 
where this taxon is recovered in association with Ceratodus africanus and Asiatoceratodus
tiguidiensis (Toledo et al., 2011).
?Neoceratodontidae Miles, 1977
Equinoxiodus Toledo et al., 2011
Equinoxiodus sp. 
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Referred material: MGGC 21913; ONM NG EMD 13 (Fig. 5)
Locality: Oum Dhiab; El Mra.
Description: MGGC 21913 (right lower tooth plate) and ONM NG EMD 14 are partially 
preserved, being broken, respectively, near the third and the fourth crests. We infer that 
originally both had a trapezoidal shape; unfortunately, the total number of crests remains 
unknown. In both specimens, the mesial margin is rounded. The mesiointernal angle is 
obtuse and opposes to the second crest. The ridges are not particularly thick and do not 
converge to the mesiointernal angle. The sulci are “V”-shaped, with a rounded cleft. The 
occlusal surface shows a network of anastomosed pulp canals, which cross the whole 
plate lingually–buccally. The punctuations are parallel to the pulpar canals and extend 
along the entire surface. Both specimens are interpreted as lower tooth plates, as they 
show a well preserved prearticular with one “V”-shaped groove. In basal view, the latter 
feature starts approximately between the first and the second crests. According to Sousa 
et al. (2015) they may belong to juvenile individuals since the mesiobuccal margin 
gradually merges to the interdental margin. Our referral of three Tunisian specimens to 
Equinoxiodus is based on the shared presence of an overall flattened shape of the tooth, 
and undulated occlusal surface (Toledo et al., 2011; Sousa et al., 2015).
Distribution: The genus Equinoxiodus is represented by two species (E.  alcantarensis
and E.  schultzei) in the Cenomanian Alcântara Formation of Brasil; specimens were col-
lected in deposits interpreted as tide-dominated estuarine environments within an incised
valley setting (Toledo et al., 2011; Sousa et al., 2015). This genus also includes speci -
mens described by Schultze (1991) from the Paleocene Santa Lucia Formation of Bolivia
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(Toledo et al., 2011; Sousa et al., 2015) thus its temporal range extends from the lower
Cenomanian to Paleocene. 
Asiatoceratodontidae Vorobiyeva, 1967
Asiatoceratodus Vorobiyeva, 1967 
A. cf. tiguidiensis Tabaste, 1963
Referred material: MGGC 21915-19, 21923; ONM NG EMD 1, 3-9, 11, 12, 16, 17, 19, 20,
22 (Fig. 6).
Locality: Oum Dhiab, El Hmaima and El Mra. El Kambout
Description: This genus can be distinguished from all other dipnoan tooth plates by very
short crests in proportion and distinctive acute anterior crests (Vorobiyeva , 1967; Agnolin,
2010; Alves et al, 2013). Tunisian teeth are small to medium in size. The elements are tri -
angular in shape, bearing six to eight acute crests and showing the mesial angle close to
90° or slightly obtuse. Only MGGC 21916 shows the inner angle that is strongly obtuse
(122°). The apical termination of the ridges is rather keeled in lateral view (Churcher and
De Iuliis, 2001; Soto and Perea, 2010). The furrows are deep and narrow, and the sulci
are “V”–shaped. The ridges are straight and narrow, directed progressively to the distal
edge. The occlusal surface is ornamented by coarse punctuations, arranged without a def -
inite pattern. MGGC 21917 is interpreted as a lower right tooth plate of a probable juvenile
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individual. This is the only specimen among the Tunisian material referred to this species
preserving the pre–articular bearing two dips.
Distribution: Asiatoceratodus is reported from the Cenomanian coastal beds of the Al-
cântara Formation of Brazil in association with a continental faunal assemblage that in-
cludes bony fish, crocodilians and dinosaurs (Pedrão et al. 1993; Rosseti et al., 1997; Ros-
seti, 2001; Castro et al., 2004; Dutra et al., 2001; Sousa, de, 2006). In South America, this
genus  is  also  known  from the  Cenomanian-Turonian  Adamantina  Formation  of  Brazil
(Alves  et  al.,  2013),  and from the fluvio-lacustrine beds of  the Kimmeridgian-Tithonian
Tacuarembò Formation in Uruguay (Soto and Perea, 2008; Perea et al., 2009). Asiatocer-
atodus is reported from the Tithonian Mugher Mudstone Formation of Ethiopia (Goodwin et
al., 1999). Martin (1984a) described Arganodus (Asiatoceratodus) tiguidiensis from Niger
extending its stratigraphic range from the Upper Jurassic to the Cenomanian. Finally, Mar-
tin et al., (1981a) reported Arganodus (Asiatoceratodus) atlantis from the Late Triassic of
Morocco.
Neoceratodontidae Miles, 1977
Neoceratodus De Castelnau, 1876
N. africanus Haug, 1905
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Referred material: MGGC 21921, 21925; ONM NG EMD 10 (Fig. 7).
 Locality: Oum Dhiab; El Mra
Description: Both MGGC 21925, MGGC 21921 are incomplete tooth plates, whereas 
ONM NG EMD 10 is well preserved. The latter shows a trapezoidal shape bearing six 
acute crests. The mesial margin shows a distinct mesial angle that marks the boundary 
between the mesiobuccal and interdental margins. The mesiointernal angle is obtuse: in 
MGGC 21921, it measures 108° whereas in ONM NG EMD 10 it is approximately 125°. In 
MGGC 21925, only the second, third and fourth crests are preserved, and thus it is 
impossible to estimate the gradation of the mesiointernal angle along the crests. The 
ridges are straight and thick, but do not converge to the mesiointernal angle. In MGGC 
21921, the apex of the second and third crests is slightly bent. In all specimens, the 
furrows are “U”–shaped, relatively deep and large. The occlusal surface displays small 
circular pits. 
Distribution: the genus  Neoceratodus is relatively common in the Cretaceous fossil re-
cord of the Saharan regions, with isolated tooth plates reported from a variety of localities
in  Niger,  Tunisia,  Morocco,  Algeria,  Egypt  and  Libya  (Peyer,  1925;  Arambourg  and
Soleaud, 1943; Tabaste, 1963; Taquet, 1976; Wenz, 1980; Martin, 1981a, 1984a; Bouaziz
et al., 1988; Murray, 2000; Churcher and De Iuliis, 2001; López-Arbarello, 2004; Churcher
et  al.,  2006;  Soto  and  Perea,  2010).  However,  Plates  from  the  Early  Cretaceous  of
Ethiopia (Werner, 1995; Schmidt et al., 1998; Soto and Perea, 2010) were later assigned
to Asiatoceratodus tiguidiensis and the age of fossiliferous bed pre-dated to the Tithonian
(Goodwin et al 1999; Soto and Perea, 2010). 
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Ceratodontidae Gill, 1872
Ceratodus Agassiz, 1838
C. sp.
Referred material: MGGC 21912, 21914, 21924; ONM NG EMD 14, 18 (Fig. 8).
Locality: El Mra
Description: specimens are triangular in overall shape, bearing six ridges with acute 
crests and stepped bucco-lingual margin. The ridges converge to the inner angle; the 
second, third and fourth ridges being paralleling each other, and the last one slightly 
diverging distally from the others. The mesial margin is curved and the inner angle is 
obtuse: it is about 130°-132° in MGGC 21912, and 120° in MGGC 21914. Furrows are 
rounded: they decrease both in width and in depth distally. In MGGC 21930, the thickness 
of the enamel is visible in buccal view between the crests. The latter specimen is 
recognized as a lower right tooth plate due to the presence of a well-preserved pre–
articular bone bearing a “V”–shaped groove. In mesial view, there is no evidence of the 
anterior process as the edge of the bone is rounded and houses a circular facet. The latter
is interpreted as the symphyseal facet for the controlateral element. The upper tooth plates
show a triangular isosceles shape. In ONM NG EMD 18, part of the pterigo–palatine bone 
is preserved, with one distinct process between the third and fourth crests visible in basal 
view.
Distribution: C. africanus is the most common dipnoan species from the ‘Contiental Inter-
calaire’ deposits of northern Africa, but it also occur in the middle Cretaceous deposits of 
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Brazil (Soto and Perea, 2010, and references therein). Soto and Perea (2010) also repor-
ted Ceratodus africanus from the continental deposits of the Tacuarembò Formation of Ur-
uguay (Batovì Member, Kimmeridgian-Lower Cretaceous), in co-occurrence with Asiato-
ceratodus tiguidiensis and Ceratodus humei, as previously documented in the Cenomani-
an Alcântara Formation of Brazil (De Sousa Carvalho, 2006).
Ptychoceratodontidae Martin, 1982
Ferganoceratodus Nessov and Kaznyshkin, 1985
Ferganoceratodus sp.
Referred material: MGGC 21926-21930; ONM NG EMD 2, 10, 15 (Fig. 9).
Locality: El Mra.
Horizon: Ain el Guettar Formation, Oum Dhiab member, (Albian).
Description: These elements are small- to medium–sized, with a triangular shape. The
crests are acute and strongly keeled in buccal view. The second crest is slightly more
elongated than the others are. The ridges are straight,  radiating gradually to the distal
edge. The first furrow is deeper and wider than the others are. The remaining furrows are
“V”–shaped, deep, narrow and strongly sliced. The inner angle is in anteriorly set and is
close to 90° or slightly obtuse. In lateral view, the crests are strongly keeled. The occlusal
surface is dotted. These tooth plates are of the cutting type (Agnolin, 2010). MGGC 21926
and ONM NG EMD 15 differ from the other specimens of our sample in being the only
104
ones bearing five radiating ridges. Our referral to  Ferganoceratodus is based on limited
number of cusps (i.e., five) in the upper teeth, on the beveled mesiointernal angle, and on
the ‘cutting type’ morphology of the occlusal surface (Nessov and Kaznyshkin, 1985; Ag-
nolin, 2010). Nevertheless, we acknowledge that some of these features are similar in spe-
cimens referred to Asiatoceratodus (see Castro et al., 2004).
Distribution: Ferganoceratodus tooth plates are reported primarily from central Asia and
Thailand (Nessov and Kaznyshkin,  1985; Cavin et al.,  2007, 2009) and the paleogeo-
graphic distribution of this genus has been related to a terrestrial  connection between
southern Thailand and Central Asia in the Jurassic (Buffetaut et al., 2006; Cavin et al.,
2009). In addition, different species have been named based on isolated plates:  F. concin-
nus, from the Triassic of Germany; F. sharategensis, from the Upper Jurassic of Mongolia;
and  F. madagascariensis from the Late Cretaceous of Madagascar (Martin et al, 1997,
1999). Therefore, the stratigraphic record of this genus possibly extends from the late Tri -
assic to the late Cretaceous.
5.2 Phylogenetic analysis
The analysis of the data set found 50000 shortest trees of 173 steps each 
(Consistency Index: 0.2659; Retention Index: 0.6492) (Fig. 10). Although the number of 
characters analyzed is relatively low compared to the number of OTUs, the length of the 
shortest trees found is significantly lower than the lengths of the trees sampled after 
permuting the relationships randomly (number of replications: 1000, p = 0.01). This test 
suggests that the recovered shortest topologies are not significantly affected by error 
sampling due to the limited morphological information. The strict consensus topology of all 
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shortest trees found placed the Tunisian OTUs in two main lineages: one including seven 
Tunisian specimens and specifically those referred to Equinoxiodus sp., Lavocatodus 
humei and Neoceratodus africanus; the other lineage includes 34 Tunisian tooth plates 
and specimens referred to Asiatoceratodus cf. tiguidiensis, Ceratodus africanus, 
Ferganoceratodus sp. and Ptychoceratodus roemeri. The relationships among the first 
lineage are well resolved: two Tunisian OTUs cluster at the base of that lineage, three 
specimens result closer to N. africanus, and the remaining two result closer to L. humei. 
No Tunisian specimen results closer to E. schultzei. The relationships among the second 
lineage are less resolved than in the first. Two Tunisian OTUs result the basalmost 
members of this group. The remaining specimens form a large unresolved polytomy with 
the specimens referred to Asiatoceratodus tiguidiensis, Ceratodus africanus, 
Ferganoceratodus jurassicus and Ptychoceratodus roemeri. Among this large unresolved 
cluster, the analysis found three groups including a subset of the Tunisian specimens (Fig.
10). Nevertheless, the data set lacks information allowing to discriminate whether these 
three clusters are closer to some of the included species relative to the rest of the sample. 
Comparison between our preliminary identification of the Tunisian specimens based on 
published description and their placement based on the phylogenetic analysis indicates 
that:
1. two specimens are referred to an Equinoxiodus-like form. It is unclear whether the 
latter taxon is actually represented in our sample or if these specimens represent a 
new taxon.
2. two specimens are referred to Lavocatodus humei.
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3. two specimens are referred to Neoceratodus africanus. A third specimen, initially 
identified as Ferganoceratodus jurassicus, may represent an additional specimen of
N. africanus.
4. two specimens may represent a Ceratodus-like form. It is unclear whether the latter 
taxon is represented in our sample, or if these specimens represent a new taxon.
5. the vast majority of specimens may represent individuals of Asiatoceratodus 
tiguidiensis, F. jurassicus or a new, unidentified species related to A. tiguidiensis or 
F. jurassicus. 
6. Comparison with extant Dipnoi 
Dipnoans are primarily non-marine animals that generally share fresh and brackish
water  environments  with  a  variety  of  taxa.  However,  based  on  different  adaptation
strategies  of  living  dipnoans  as  well  as  taphonomic  and  paleoecological  data  for  the
Tunisian specimens, it is possible to discuss such diversity and the co-existence of differ -
ent genera in a - supposed to be - single ecosystem. 
First, the lower beds of the Oum ed Diab Member are interpreted to represent estu-
arine and marginal-marine deposition characterized by high sediment supply and arid to
xeric climatic conditions (Fanti et al.,  2012, 2015). The occurrence of rare  in situ plant
roots possibly indicates a patchy, mangrove-like vegetation and are consistent with sub-
aerial to low water depth conditions. Therefore, such ecological conditions may have rep-
resented a major limitation for fish and other vertebrate diversity.  Studies on the living
African lungfish  Protopterus annectus revealed that this potamodromous fish aestivates
during drought seasons, tolerates seawater up to a maximum of 30%, and requires a tem-
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perature range between 29°- 37°C (Smith, 1931; Okafor, 2004; Okafor and Chukwu, 2005;
Snoeks et al., 2009). Similar adaptations are documented for the South American species
Lepidosiren paradoxa, although this taxon is less tolerant to high temperatures and brack-
ish environments (Hochachka and Helbert, 1978; Fink and Fink, 1979;  Planquette et al.,
1996; Mesquita-Saad et al., 2002; Bemis et al., 2003). The endemic Australian species
Neoceratodus forsteri lives in highly vegetated areas, does not aestivates, requires tem-
peratures  between  13°  to  25°,  and  overall  inhabits  less  strenuous  environments  than
Lepidosiren and Protopterus as it does not tolerate seawater (Pusey et al., 2004; Arthing-
ton,  2009;  Glass and Wood, 2009;  DSITIA,  2013).  Furthermore,  both  Protopterus and
Lepidosiren are obligate air breathers, whereas Neoceratodus is not (Johansen, 1986). As
such,  although as  a  group extant  dipnoans are  indeed found in  fluvial,  brackish,  and
swampy-coastal ecosystems, occurring in both netic and lotic habitats of major rivers, indi-
vidual  lineages  display  more  accentuated  ecological  preferences  and  adaptations  in
present day and, most likely,  extinct taxa (McAllister et al., 1988; Cloutier and Ahlberg,
1996; Ahlberg, et al., 2003; Okafor, 2005). Otero (2011) provided an excellent case study
on extinct and extant representatives of the genus Protopterus. The Late Cretaceous re-
cord of the genus is restricted to continental Africa and specifically in narrowed central (Ni-
ger, and Mali) and north-eastern (Egypt and Sudan) regions. Conversely,  seven extant
species  and  subspecies  of  Protopterus inhabit  the  central  Africa’s  vast  river  systems,
where they occasionally overlap large hydrographic basins, extending from piedmont to
coastal areas (Paugy et al., 2008; Froese and Pauly, 2009; Otero, 2011, and references
therein). However, even within the same genus, species and subspecies display a clear
ecologic partitioning (proximal-distal section of the river, lacustrine areas, coastal swamps,
etc.).
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Although present day lungfish diversity and distribution is a fraction compared to the
Cretaceous fossil record, such data clash with the dipnoan record in Gondwanan deposits
and specifically with the Aptian-Albian Tunisian faunal assemblage, where six genera have
been identified. In addition to the six genera of dipnoans, the faunal assemblage is repres-
ented by a diverse array of species that includes marine elasmobranchs, bony fish taxa
(including the coelacanthid Mawsonia), crocodyliforms, and dinosaurs (Fanti et al., 2013,
2015). Such biodiversity dramatically unfits with paleoecological reconstructions proposed
for the Oum ed Diab Member. From a taphonomic perspective, macro- and micro-verteb-
rate remains from the Oum ed Diab Member are nicely preserved but systematically disar-
ticulated. These marginal-marine deposits most likely represent the downstream section of
a much wider and complex drainage system capable to transfer and accumulate sedi-
ments and vertebrate remains from the mainland into the coastal areas. To support this in-
terpretation, coeval deposits of Niger and other sub-Saharan regions with dipnoan remains
have been interpreted as a more diversified, inland floodplains habitat  rich in plant re-
sources and characterized by recurrent lacustrine areas (Buffetaut and Taquet, 1977; Le-
franc and Guiraud, 1990; Benton et al., 2000; Sereno et al., 2001, 2007; Sereno and Brus -
atte, 2008; Sereno and Larsson, 2009). As the dipnoan diversity observed in Tunisia share
many similarities with coeval lungfishes faunas of Brazil, results presented here may fur-
ther support the postulated faunal partitioning between northern and southern South Amer-
ica during the mid-Cretaceous (Apesteguia et al., 2007; Agnolin et al., 2010; Candeiro et
al., 2011; Novas et al., 2013).
7. Conclusions
109
Data presented in this study indicate a remarkable lungfish diversity in the mid-
Cretaceous Oum ed Diab Member of southern Tunisia. In fact, dipnoans are represented
by  the  neoceratodontid  Equinoxiodus  (or  a  related  form)  and Neoceratodus,  the
asiatoceratodontid  Asiatoceratodus,  the ceratodontid  Ceratodus  (or a related form), the
lepidosirenid Lavocatodus, and the ptychoceratodontid Ferganoceratodus. The integration
of  systematic  methodologies  and  phylogenetic  analysis  supports  this  taxonomic
interpretation. In particular, this study indicates that Ceratodus and Neoceratodus are two
valid and distinct taxa, as well as the taxonomic validity of Lavocatodus humei. As such, all
recognized  Mesozoic  lungfish  families  are  surprisingly  represented  within  a  discrete
stratigraphic unit. This assumption conflicts with the paleoecological interpretation of the
Oum ed Diab deposits, and also infers a degree of sympatry and ecologic portioning not
seen  in  present  day  lungfishes.  However,  detailed  facies  analyses  and  tafonomic
interpretations suggest a different scenario. The fossil assemblage pertaining to the Oum
ed  Diab  Member  most  likely  represent  a  taphonomic  artifact  and  therefore  is
representative not only of the estuarine-coastal environments in which they are collected,
but also of a wider arrays of brackish and freshwater ecosystems that extended to the
African inlands during the mid-Cretaceous. As the vast majority of isolated dipnoan tooth
plates  from Gondwana  come  from paleo-environments  comparable  with  the  marginal-
marine  Oum  ed  Diab  Member,  this  multidisciplinary  approach  may  indicate  that  our
comprehension of Mesozoic Gondwanan dipnoans diversity and ecologic distribution is
biased by the  lack  of  detailed  information  on the  geology and taphonomy of  discrete
localities. This approach can provide new tools to refine the study on the stratigraphic-
chronostratigraphic occurrence of vertebrates but also to better estimate the geographic
distribution of both single taxon and selected faunal assemblages.
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Figure 1. (A) reference map of Tunisia showing the study area in the Tataouine region. (B)
simplified geological map of the Dahar Escarpment indicating the El Hmaima, El Mra, Oum
ed Diab, and El Kambout localities.
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Figure 2. (A) stratigraphic nomenclature for the Aptian-Cenomanian deposits of southern 
Tunisia. Specimens discussed in this study were surface collected from the Albian beds 
Oum ed Diab Member of the Ain el Guettar Formation. (B) simplified field log showing 
facies interpretation and the stratigraphic occurrence of vertebrate remains and lungfish in 
the Oum ed Diab Member.
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Figure 3. Plan of occlusal surface of lower right tooth plate with features named as in text, 
based on MGGC 21930 (left) and ONM NG EMD 10 (right). In this study we follow the 
terminology of Churcher and De Iuliis (2001) and we also consider ‘inner angle’ as 
synonymous for the mesiointernal angle. 
Figure 4. Lavocatodus humei (MGGC 21920), lower left plate, from the El Hmaima locality
in (A) occlusal, (B) lingual, and (C) ventral views. Scale bar, 2 cm.
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Figure 5. Equinoxiodus sp. (MGGC 21913), lower right plate, surface collected at the Oum
ed Diab locality in (A) occlusal, (B) buccal, and (C) lingual views. Scale bar, 1 cm.
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Figure 6. Asiatoceratodus cf. tiguidiensis. A-B, MGGC 21915, upper right plate from the 
Oum ed Diab locality in occlusal and ventral views. Scale bar, 1 cm. C-E, MGGC 21917, 
lower right plate, Oum ed Diab locality in occlusal, buccal, and lingual views. Scale bar, 5 
mm.
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Figure 7. Neoceratodus africanus. A-B, MGGC 21925, lower right plate from the El Mra 
locality in occlusal and ventral views. C-D, MGGC 21921, upper right plate from the Oum 
ed Diab locality in occlusal and ventral views. Scale bars, 1 cm.
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Figure 8. Ceratodus sp. (MGGC 21930), lower right plate from the El Mra locality in (A) 
occlusal, (B), ventral, and (C) buccal views. Scale bar, 1 cm.
Figure 9. Ferganoceratodus sp. (MGGC 21926), upper left plate collected at the El Mra 
locality in (A) occlusal, and (B), ventral views. Scale bar, 1 cm.
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Figure 10. Strict consensus topology of the shortest trees found by the phylogenetic 
analysis of the morphological data set. Colored areas indicate the taxonomic identification 
of the Tunisian specimens prior to the phylogenetic analysis, according to the diagnostic 
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features of the non-Tunisian taxa included (Supplementary Material). Note the overall 
overlap between the taxonomic identification and the phylogenetic analysis. 
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CHAPTER 3 - Evidence of iguanodontian dinosaurs from the Lower 
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Abstract
The fossil record of ornithischian dinosaurs from Africa is particularly scarce and 
limited to a few historic localities. In this study we describe new ornithischian remains from 
the Albian deposits of southern Tunisia (Tataouine Governorate), represented by isolated 
teeth of large-bodied iguanodontians. Teeth display a wide, diamond-shaped crown with a 
primary ridge dividing the occlusal surface in two unequal parts and two or more 
secondary ridges. Hook-like denticles are present on both mesial and distal crown margins
and do not display mammillae. In overall morphology, specimens are comparable to those 
of many Early Cretaceous basal hadrosauriforms, including isolated ornithopodan teeth 
from comparably-aged levels of Niger. Transversal sections of the crowns permitted 
identification of dental tissues, which include a thick enamel, and well developed 
longitudinal and transverse giant tubules. Their relative extents appear to be related to the 
size, thus developmental age, of the tooth. Teeth are representative of the Oum ed Diab 
Member, a unit characterized by coastal deposits accumulated under arid to xeric climatic 
conditions and dominated by fish, crocodilians, and hydraulically transported 
rebbachisaurid and spinosaurid remains. Sedimentological data and preservation bias 
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strongly support selective taphonomic causes for the fossil distribution of ornithischians in 
southern Tunisia questioning the purported geographic and paleoecologic distribution of 
isolated Saharan dinosaurs. 
Key words: Dinosauria, Early Cretaceous, Ornithopoda, teeth, Tunisia
Introduction
The Cretaceous fossil record of the dinosaurian clade Ornithischia underlines 
remarkable disproportion between Northern and Southern hemispheres: such bias is 
related to a number of factors, including historical collections and major differences in 
ecosystems and associated taphonomic parameters. Within Gondwanan landmasses, 
South America bears the richest diversity of ornithischian taxa, whereas they are 
surprisingly scarce in Africa (Taquet, 1976; Cooper, 1985; Taquet and Russell, 1999; 
Weishampel et al. 2004; Maidment et al., 2008; Galton, 2009; Contessi, 2013). 
Specifically, the mid-Cretaceous record of ornithischians dinosaurs from northern Africa is 
limited to three taxa discovered in the Echkar Formation of Niger: the dryosaurid 
Elhrazosaurus nigeriensis (Galton, 2009), the large-bodied ankylopollexians Lurdusaurus 
arenatus (Taquet and Russell, 1999), and Ouranosaurus nigeriensis (Taquet, 1976). Here,
we describe new iguanodontian teeth from the Lower Cretaceous of the Tataouine 
Governorate (Fig. 1), adding further information on the diversity and distribution of North 
African ornithischians. The integration of detailed stratigraphic and sedimentological data 
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for the mid-Cretaceous of Tunisia provide pivotal tools to discuss the paleoecological 
significance of isolated remains in the Saharan regions. 
Comparative Material 
Isolated ornithopod teeth and jaw fragments are relatively common in the Lower 
Cretaceous beds of Gadaofaoua, Niger, although the literature lacks detailed and 
comprehensive analyses on the dentition of the recovered taxa. Furthermore, as the vast 
majority of these specimens were surface collected, pivotal information as detailed 
stratigraphic occurrence, taphonomy of localities, and co-occurrence of other taxa, is 
missing. The sole specimens of Elhrazosaurus nigeriensis and Lurdusaurus are devoid of 
complete skull and teeth (Taquet and Russell, 1999; Galton, 2009), and those of 
Ouranosaurus lack detailed information on teeth and variability along the dental series 
(Taquet, 1976). For this study, we compared the Tunisian material to 14 isolated teeth as 
well as several lower jaw fragments with in situ teeth hosted at the National History 
Museum in Paris and four isolated teeth housed in the Natural History Museum in Venice 
collected at the Gadaofaoua locality.
 In 1960, De Lapparent reported on an isolated tooth from the Jebel Kambout locality
near the town of Remada in the Tataouine Governorate of southern Tunisia (named Gara 
Kanboute in the manuscript) and referred it to Iguanodon. The Jebel Kambout locality, 
located approximately 75 km to the south of Tataouine, has been lately the subject of 
detailed stratigraphic and paleontological studies (Fanti et al., 2012) allowing the referral of
the specimen described by De Lapparent to a specific stratigraphic unit. In fact, De 
Lapparent (1960, p. 13) states that the tooth was collected ‘at the top of the continental 
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series, only several meters under the marine Cenomanian [English translation from the 
original French manuscript]’: based on measured field sections at the Jebel Kambout 
locality, we refer the tooth to the upper deposits of the Albian Oum ed Diab Member (Fanti 
et al., 2012, 2015). Unfortunately, the author provided only a brief description supported by
a single photograph of the specimen in lingual view (De Lapparent, 1960, Plate V, fig. 23). 
The tooth, currently housed in the National History Museum in Paris (MNHN.F.HGN167) 
has a preserved crown approximately 40 mm long apicobasally and 20 mm wide mesio-
distally. 
Institutional abbreviations: GAD, Gadaofaoua locality (Niger) as in the collections of the 
National History Museum in Paris; MGGC, Museo Geologico Giovanni Capellini, Bologna, 
Italy; ONM, Office National des Mines, Tunis, Tunisia.
The Oum Ed Diab Member
Specimens described in this study are representative of five different localities 
covering latitudinally more than 100 km in the Tataouine Basin of southern Tunisia (Fig. 1).
In the Tataouine Basin, the Albian Aïn el Guettar Formation displays variation in terms of 
facies and overall thickness from north to south (Fanti et al., 2012). Major stratigraphic 
gaps are represented at the base of both the Chenini and the Oum ed Diab members: the 
former represents a regional, angular, erosive unconformity, whereas the latter has been 
interpreted as a transgressive surface responsible for a mixed faunal assemblage 
representative of both units. The deposition of the Oum ed Diab estuarine/coastal deposits
on top of the coarse, wadi-like, alluvial plain beds of the Chenini Member marks a major 
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variation in the paleoecologic – and consequently taphonomic – conditions in the Aptian of 
Tunisia. With the exception of one tooth possibly representative of the Chenini Member 
(sensu Fanti et al., 2012), they pertain to the sandy deposits of the Oum ed Diab Member 
of the Aïn el Guettar Formation. Stratigraphic and biostratigraphic data from the study area
allowed referral of the Oum ed Diab Member and coeval lateral units to the Albian. The 
deposition of this unit is interpreted as the result of high-rate accumulation of siliciclastic 
deposits in a vast estuarine to embayment environment dominated by arid to xeric climatic 
conditions (Fanti et al., 2014a, b, 2015). This unit is remarkably rich in well-preserved 
vertebrate remains and it is bounded at the base by a transgressive lag deposit that 
yielded a diverse fauna that includes elasmobranchs, bony fish taxa, crocodyliforms, and 
dinosaurs, including carcharodontosaurids, spinosaurids, abelisaurids, and 
titanosauriforms (Bouaziz et al., 1988; Benton et al., 2000; Cuny et al., 2004, 2010; Srarfi, 
2006; Bodin et al., 2010; Fanti et al., 2014a, b). The overlying finer facies are dominated 
by crocodilian remains, spinosaurid theropods, and rebbachisaurids (i.e. Tataouinea 
hannibalis, Fanti et al., 2013, 2015, and isolated remains referable to the latter). Vertebrate
fossils are almost exclusively disarticulated or isolated, although the fine preservation of 
microvertebrates as well as larger elements is not consistent with prolonged pre-burial 
transport of elements. 
Systematic Palaeontology
Dinosauria Owen, 1842
Ornithischia Seeley, 1888
Ornithopoda Marsh, 1881
Iguanodontia Dollo, 1888
137
Hadrosauroidea Cope, 1869
Gen. et sp. indet.
ONM NG OR1
Locality and Horizon: ONM NG OR1 was surface collected during prospecting activities 
south-west of the El Mra locality, approximately 50 km south of the city of Tataouine (Fig. 
1B). The tooth was recovered approximately 10 meters above the Chenini/Oum ed Diab 
contact. In addition to the ornithopod tooth, the locality yielded skull elements referred to 
the actinistian Mawsonia sp., isolated crocodilian teeth and osteoderms, and a large 
sauropod humerus about 90 cm long. 
Description: ONM NG OR1 is an isolated dentary tooth missing most of the root and the 
distal margin of the crown apex (Fig. 2A-D). The preserved crown is 40 mm apicobasally 
high (the total height of the tooth is 51 mm) and 26 mm mesiodistally wide, giving a height-
to-width ratio of 1.6. The diamond-shaped crown is mesiodistally expanded with a wide, 
flattened lingual surface. Enamel is limited to the lingual side of the crown and to the 
marginal denticles. Both mesial and distal surfaces of the labial face are slightly concave. 
A primary ridge runs along the entire height of the crown, displaced slightly distally relative 
to the center of the lingual surface, demarcating two relatively deep sulci and dividing the 
surface in two unequal parts. Four shallow, secondary ridges, one located distally and 
three mesially relative to the primary ridge, extend parallel to the primary one along the 
enameled surface. Denticles are present on both mesial and distal crown margins, with 19 
present along the distal margin and 11 along the mesial margin. Denticles are almost 
hook-like, recurved toward the apex of the crown, and oriented at approximately 25° to the 
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apicobasal axis of the crown. They are also graded in size, being smaller toward the base 
of the crown. Marginal denticles do not display mammillae, although a restricted number 
show a faint apical bifurcation. Although incomplete, it is possible to distinguish a 
mammillated apical margin with no clear denticle development. The basal end of the distal 
margin of the labial surface is thickened by a distinct lip that is ornamented by very slight 
tubercle only on its apical end. The lingual surface of the tooth is broad and smooth. 
Overall, cross-sections measured at different levels of the crown (Fig. 3) are 
asymmetrically concave (D-shaped), whereas the basal cross-section is sub-circular 
becoming almost circular with a prominent concavity in the mesial margin, possibly related 
to the position of a replacement tooth.
ONM NG OK 29
Locality and Horizon: ONM NG OK 29 was originally reported by Srarfi (2006) as 
representative of the rich vertebrate diversity of the Oued El Khil locality (see also Benton 
et al., 2000; Fanti et al., 2012; Fig. 1B). The tooth was surface collected from the coarse-
grained deposits historically interpreted as the Chenini Member (Srarfi, 2006); however, 
such beds have been reassigned to the Oum ed Diab Member and specifically to a 
transgressive lag that marks the base of the unit on a basin scale (Fanti et al., 2012). 
Lacking detailed information on the stratigraphic occurrence of ONM NG OK 29, it is not 
possibly to discriminate if the tooth was collected from the basal lag, thus the possibility 
that the specimen pertains to the underlying, lower Albian, fluvial deposits of the Chenini 
Member cannot be dismissed.
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Description: Isolated dentary tooth lacking entirely the root, with enamel limited to the 
lingual side of the crown and to the marginal denticles (Fig. 2E-H). The crown is 51 mm 
high and 29 mm wide, giving a height-to-width ratio of 1.75. The enameled crown is broad 
and diamond-shaped. Both mesial and distal surfaces of the labial face are slightly 
concave in lateral view. A primary ridge and three, secondary ridges run along almost the 
entire length of the crown. Small denticles are present on both mesial and distal crown 
margins, with eight present along the distal margin and three along the mesial margin.
MGGC TUN 153, 154 and 155
Locality and Horizon: MGGC TUN 153, 154 and 155 (Fig. 4) were collected at the El Mra
locality, approximately 50 km to the south of Tataouine and 5 km to the south of the Bir 
Amir village (Fanti et al., 2012, 2015) in the lower deposits of the Oum ed Diab Member, 
approximately five meters above the base of the unit (Fig. 1). 
Description: MGGC TUN 154 (Fig. 4A, B) is a broken tooth missing the apical portion 
(Fig. 4). A broad and relatively flattened primary ridge runs along the entire length of the 
crown dividing the surface in two slightly asymmetric parts. The preserved crown is 14 mm
long and 12 mm wide. Denticles are prominent and extend lingually forming a sharp 
wedge with the smooth and concave lingual surface. As in ONM NG OR1, the basal end of
the distal margin of the labial surface is characterized by a prominent lip ornamented by 
small tubercles apically. MGGC TUN 155 is a relatively large, broken tooth with the 
primary ridge preserved (Fig. 4C). MGGC TUN 153 (Fig. 4E) is a partial crown of a 
relatively large tooth, comparable in size with ONM NG OR1. A total of 11 denticles are 
present on the preserved right crown margin showing a decrease in size toward the base 
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of the tooth. The apical portion of the denticles is worn, thus it is not possible to identify the
presence of mammillae nor apical bifurcation. 
MGGC TUN 156 and 157
Locality and Horizon: MGGC TUN 156 and 157 were surface collected at the Oum Ed 
Diab section (Fig. 1B), located 60 km to the south of Tataouine (Fanti et al., 2012). Teeth 
were collected 26 meters above the Chenini/Oum ed Diab contact, and roughly 30 meters 
below the Cenomanian marls. 
Description: both teeth are broken but show two well-developed ridges on the lingual 
surface (Fig. 4). Despite the fact that MGGC TUN 156 and 157 do not allow informative 
analyses on the overall morphology of the crown, they provide the opportunity to describe 
inner histological features. 
Tooth histology features
Erickson et al. (2012) and Erickson and Zelenitzky (2014), documented dental 
organization and tissue distribution in Edmontosarus sp. and Hypacrosaurus stebingeri 
teeth from North America, providing useful tools to describe histological and topographical 
features in hadrosaurid dinosaurs (see also Erickson and Druckenmiller, 2011). As 
comparable data are not available in the literature for more basal forms, the Tunisian 
material offers the opportunity to document such features in African iguanodontians (Fig. 
5). Although the sample is limited and partial, thus precluding analyses on individual or 
ontogenetic variability, it is possible to document variations in the relative development of 
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tissues within the discussed teeth. Following the terminology of Erickson et al. (2012), all 
teeth display a thick enamel and well developed longitudinal (lgt) and transverse (tgt) giant
tubules, the latter commonly forming a curtain-like structure of juxtaposed tubules. MGGC 
TUN 154 is the smallest among the discussed samples and displays a combination of 
large, longitudinal giant tubules in the central region delimited by a relative thick enamel 
(Fig. 5A). MGGC TUN 157 displays a predominance of lgt although faint, tgt develop 
marginally toward the buccal surface (Fig. 5B). MGGC TUN 155 and 156 have a thick 
enameled margin and minor lgt confined in the central region of the tooth, whereas tgt are 
easily identifiable forming well developed, curtain-like structures on the buccal margin. 
Finally, MGGC TUN 153 lacks lgt, with the tooth characterized by transverse and curtain-
like tubules extending radially to the enamel (Fig. 5E). The relative distribution of tgt and 
lgt seems to reflect size-related variations, with a predominance of longitudinal giant 
tubules in smaller teeth and inversely well-developed transverse tissues in larger 
specimens. Although intra- and inter-specific variations cannot be excluded, this trend 
most likely reflects ontogenetic modification in the tooth structure in order to support 
variations in feeding habits. 
Discussion
Both ONM NG OR1 and ONM NG OK 29 are referred to the dentary series of large-
bodied ornithopods, due to the broad diamond shape of the lingual surface, differing from 
the relatively slender, lozenge-shaped outline present in maxillary crowns of these 
dinosaurs. The robust, primary ridge slightly displaced distally relative to the crown 
apicobasal axis is a derived feature of Iguanodontia among ornithopods (Norman, 2004; 
142
McDonald et al., 2010; McDonald, 2011). The relatively high crown, the not markedly 
robust primary ridge and the absence of several secondary ridges all oriented apicobasally
exclude a referral to a “rhabdodontid-grade” form such as Tenontosaurus (Thomas, 2015) 
and Zalmoxes (Weishampel et al., 2003). Among iguanodontians, the mammillate shape 
of the marginal denticles is a synapomorphy of taxa closer to hadrosaurids than 
Camptosaurus and Dakotadon (McDonald, 2011; Boyd and Pagnac, 2015). We exclude 
the referral to the subclade of Hadrosauroidea including hadrosaurids and 
Probactrosaurus due to the relatively broad proportion of the crowns, the latter being more 
slender in derived taxa with more numerous and closely spaced teeth (Norman, 2002). In 
overall shape and proportions, these teeth are comparable to those of many iguanodontid-
grade forms, in particular Ouranosaurus, Iguanodon, and Altirhinus (e.g., Norman, 1980, 
1996). Not surprisingly, a comparison with a nicely preserved tooth referred to 
Ouranosaurus nigeriensis from Gadaofaoua (GAD301; Taquet, 1976) reveals relevant 
similarities between the latter and the Tunisian specimens (Fig. 6). The best-preserved 
tooth, ONM NG OR1 shows a combination of features intermediate between basal 
ankylopollexians and taxa closer to hadrosaurids. In particular, both secondary and tertiary
ridges are poorly marked, contrasting with more basal “iguanodontid-like” taxa that bear a 
more robust set of accessory ridges (Norman, 1980). Furthermore, the distal basal lip on 
the crown is only weakly denticulated, being almost completely devoid of tubercles: this 
combination of features is intermediate between basal ankylopollexians, bearing a more 
extensive serration of the lip, and the “hadrosaurid-like” forms that lack any denticulation of
the lip (Wu and Godefroit, 2012). 
The paucity of the material prevents us for discussing variation along both the same
tooth series and among the individual sample, thus, we have not tested quantitatively (i.e., 
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using a numerical cladistics analysis) the affinities of the specimens, which are 
provisionally referred to large bodied non-hadrosaurid hadrosauriforms. 
Stratigraphic and paleoecologic occurrence
Previous studies in southern Tunisia documented direct correlations between 
paleoecological variations and occurrence of dinosaur and crocodyliform taxa in the Aïn el 
Guettar Formation (Fanti et al., 2013). Specifically, abelisauroids, carcharodontosaurids, 
titanosauriforms and rare rebbachisaurids are confined to the Chenini Member, whereas 
spinosaurids, rebbachisaurids and crocodilians are predominant in the Oum ed Diab 
Member, where fish remains also represent a major component of the fauna (Fanti et al., 
2014b). Although fragmentary and represented solely by teeth, ornithopod remains from 
Tunisia, with the sole possible exception of ONM NG OK 29, are strictly representative of 
the Oum ed Diab Member. Of note, specimens described in this study are representative 
of localities that cover approximately 100 km along the Tataouine basin, but also occur in 
discrete beds stratigraphically spanning the entire Member. Therefore, ornithopods are 
here considered as part of the Albian Oum ed Diab Member, in association with 
rebbachisaurids (i.e. Tataouinea hannibalis), spinosaurids (including both Baryonychinae 
and Spinosaurinae), and crocodyliforms, including the large-bodied Sarcosuchus (Fanti et 
al., 2013, 2014b). The Aptian beds of the renowned Gadaofaoua locality in Niger represent
the best basis for comparison with the Tunisian material. A postulated inland floodplains 
habitat rich in plant resources associated with both lacustrine and sandy, high-energy river
systems for Gadaofaoua (Sereno et al., 2001, 2007) contrasts with paleoecological 
reconstructions proposed for the Aïn el Guettar Formation. The fluvial Chenini beds are 
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representative of a wadi-like, high-energy river systems: the lack of fossilized vertebrates 
and plants within this member may therefore reflect unfavorable taphonomic conditions. 
Conversely, the marginal marine deposits of the Oum ed Diab Member indicate deposition 
under arid to xeric climatic conditions, thus inadequate to support a megaherbivore fauna. 
From a taphonomic perspective, specimens recovered in the Oum ed Diab Member, with 
the sole exception of the exquisitely preserved skeleton of the rebbachisaurid Tataouinea 
hannibalis collected at the El Mra locality (Fanti et al., 2015), are systematically 
disarticulated. However, all bony elements display negligible wearing and the preservation 
of micro- and macro-fossils is remarkable. For instance, teeth described here commonly 
display clean and recent breakage surfaces but no evidence of wearing nor abrasion on 
the external surfaces. Ornithopod teeth, however, are relatively large, stocky, and most 
likely less affected by transportation-related abrasion. The Oum ed Diab, marginal-marine 
facies represent the downstream section of most likely a much wider drainage system that 
transferred sediments and vertebrate remains from the Saharan regions into the peri-
Mediterranean coastal area. Consequently, the faunal assemblage recorded in the Oum 
ed Diab Member most likely gather taxa that originally pertained to more discrete and 
ecologically confined areas. As such, isolated elements historically collected from the 
Saharan regions may be affected by this taphonomic bias, thus limiting or diverting our 
comprehension of their paleogeographic and paleoecologic distribution. 
Based on observations on the Chenini deposits in the northern section of the 
Tataouine Basin, Benton et al. (2000) hypothesized the development of giant fluvial 
systems in northern Africa during the Early Cretaceous responsible for the transportation 
over hundreds of kilometers of terrestrial remains from the south in present-day 
southernmost Algeria. However, data provided in Fanti et al. (2012) challenged this 
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interpretation: paleoflows from the Chenini and Oum ed Diab members indicate a 
predominant north-west flows direction and a depocenter located westerly to the present 
day Jeffara Escarpment, suggesting a possible source area for both sediment and taxa in 
central and southern Libya (Fanti et al., 2012). 
Conclusions
The fossil record of ornithischian dinosaurs from Tunisia is particularly scarce, 
compared to the richer record of other archosaurian clades (e.g., saurischians and 
crocodylomorphs; Fanti et al., 2012, 2013, 2014a, b, in press), and reflects a general 
paucity of members of this clade from Africa (Weishampel et al., 2004). All known material 
pertains to isolated teeth of large-bodied iguanodontid-grade iguanodontians. From these 
units, no material pertaining to other ornithischian clades, to non-dental elements or to 
small-bodied individuals has been reported so far. Although distributed over 100 km along 
the Tataouine region, ornithischian remains appear constrained to the Oum ed Diab 
Member. This peculiar preservational bias indicates a set of selective taphonomic causes 
for the fossil distribution of ornithischians in southern Tunisia. 
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Figures
Figure 1: A, present day reference map of Tunisia showing the location of the Tataouine 
Basin. B, locality map showing the mid-Cretaceous outcrops located along the prominent 
Jeffara Escarpment. Stars indicate localities discussed in the text. C, stratigraphic 
nomenclature and chrono-stratigraphic subdivision for the Cretaceous beds in the study 
area. Specimens described here were collected from the Albian Oum ed Diab Member.
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Figure 2: ONM NG OR1 in lingual (A), distal (B), labial (C) and mesial (D) views. ONM 
NG OK 29 in lingual (E), distal (F), labial (G) and mesial (H) views. Abbreviations: d, 
denticles; l, baso-distal lip; pr, primary ridge; sr, secondary ridge. 
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Figure 3: Schematic drawing of ONM NG OR1 showing variation in cross-section along 
the apico-basal axis. Abbreviations: l, baso-distal lip; pr, primary ridge; sr, secondary ridge.
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Figure 4: MGGC TUN 154 in lingual (A) and labial (B) views. C, MGGC TUN 155 in 
lingual view. D, MGGC TUN 157 in lingual view. E, MGGC TUN 153 in lingual view. 
Abbreviations: d, denticles; l, baso-distal lip; pr, primary ridge; sr, secondary ridge. 
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Figure 5: Transversal sections of iguanodontian teeth from Tunisia showing different 
pattern of dental organization. A, MGGC TUN 154; B, MGGC TUN 157; C, MGGC TUN 
156; D, MGGC TUN 155; E, MGGC TUN 153. Abbreviations: ctt, curtain transverse 
tubules; d, denticles; e, enamel; lgt, longitudinal transversal tubules; r, ridge; tgt, 
transverse giant tubules.  
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Figure 6: GDF301, left dentary tooth referred to Ouranosaurus nigeriensis from 
Gadofaoua (Taquet, 1976, plate XX, Fig. 2a). Abbreviatoins: d, denticles; l, baso-distal lip; 
pr, primary ridge; sr, secondary ridge.
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CHAPTER 4 - Sustained miniaturization and anatomical innovation in 
the dinosaurian ancestors of birds
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Recent discoveries have highlighted the dramatic evolutionary transformation of 
massive, ground-dwelling theropod dinosaurs into light, volant birds. Here we apply
Bayesian approaches (developed for inferring geographic spread and rates of 
molecular evolution in viruses) in a novel context: to infer size changes and rates of
anatomical innovation (across up to 1549 skeletal characters) in fossils. These 
approaches identify two drivers underlying the dinosaur-bird transition. The 
theropod lineage directly ancestral to birds undergoes sustained miniaturisation 
across 50 million years and at least 12 consecutive branches (internodes), and 
evolves novel skeletal adaptations four times faster than seen in other dinosaurs. 
The unique, prolonged phase of miniaturization along the bird stem would have 
facilitated the evolution of many novel adaptations associated with small body size, 
such as reorientation of body mass, increased aerial ability, and paedomorphic 
skulls with enlarged eyes and brains but reduced snouts.
The evolution of birds from bipedal carnivorous dinosaurs is now one of the most 
compelling examples of macroevolution (1-7). The cumulative evolution of avian 
characteristics along the ~160my lineage from large Triassic theropods (oldest widely-
accepted records Herrerasaurus and Eodromaeus ca. 230myo) leading to modern birds 
(Neornithes; oldest widely-accepted record Vegavis ca. 67myo) has been extensively 
documented (1-18). However, there remain many intriguing questions regarding size 
evolution and anatomical innovation along the bird stem lineage. Theropods were typically 
large to gigantic, but small body size characterized all taxa near the origin of forewing-
powered flight in birds (Avialae sensu 1-3, Aves sensu 15). It has been both proposed (4-
8) and contested (9-11) that sustained trends of size reduction occurred within theropod 
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evolution. However, nearly all previous studies of size evolution along the bird stem 
lineage identified trends anecdotally, and employed undated cladograms or supertrees, 
along with parsimony-based character reconstructions (e.g. 4-9,14), which ignore vital 
temporal (branch length) information, potentially compromising accuracy (19). The only 
studies to use quantitative likelihood approaches in an explicitly temporal framework (15, 
16) focused on identifying individual branches undergoing fast changes (e.g. 
Coelurosauria and Paraves: 6-8, 15-16) and thus did not evaluate directional trends 
(sustained miniaturization or gigantism) across consecutive branches. Furthermore, rates 
of anatomical innovation along the bird stem lineage remains vastly underexplored. 
Previous studies have evaluated evolutionary rates of a few continuous characters, such 
as limb proportions or body size (6,11,15,16,19). However, evolutionary innovation is 
arguably much better represented by the hundreds of discrete anatomical traits (from 
across the entire phenotype) that typically comprise large phylogenetic datasets. 
Surprisingly, no previous study of bird origins has quantified rates of evolution in these 
character-rich datasets.
Here, we identify unique evolutionary dynamics (sustained miniaturization and 
accelerated skeletal innovation) in the bird stem lineage, using the largest anatomical 
character set for dinosaurs compiled to date (120 taxa, 1549 characters including 
autapomorphies: Dataset 1, expanded from 20). We also analyzed a second matrix 
(Dataset 2: 100 taxa, 421 characters) which employs a smaller number of characters that 
has been heavily scrutinized by numerous workers (21, based on 8,22). Stratigraphic age 
and femur length was recorded for all adequately known taxa (Appendix 6). The femur is 
frequently preserved and scales more tightly with inferred body mass than any other 
measurement (23: r>0.995), exhibiting homogenous allometry at least within non-avialan 
theropods (6). It is thus often used as a size proxy (e.g. 9,11,15,23), yielding estimates 
highly consistent with volumetric (14) and composite (16) estimates. Accordingly, we use 
femur length as a size proxy up to Avialae (but not beyond [6]: see SM part B); use of 
multi-measurement proxies would greatly reduce taxon sampling.
The anatomic, stratigraphic, and size data were simultaneously analyzed using 
novel implementations of Bayesian methods. BEAST (24) modules originally developed for
inferring patterns of DNA evolution and geographic spread in "real time" virus samples 
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were adapted to infer patterns of anatomic evolution and size changes in the "deep time" 
fossil record. Bayesian Markov Chain Monte Carlo (MCMC) methods were then used to 
reconstruct – with confidence intervals – phylogenetic relationships, divergence dates, 
temporal duration of lineages, evolutionary rates across all 1549/421 morphological 
characters, and body size at every ancestral node. Our approach explicitly considers the 
temporal (stratigraphic) distribution of taxa when estimating all of these variables. 
Furthermore, all parameters were simultaneously estimated and thus jointly optimized. 
Such an approach has been argued to be better at finding global optima and estimating 
uncertainty (24,25), and is thus preferable to the sequential inference typical of earlier 
approaches (e.g. 4-10: inferring topology first, then sometimes inferring divergence dates, 
and then mapping size or some other trait:). A stochastic Markov model was then applied 
to the discrete character data, with Bayes factors favouring inclusion of parameters for 
among-trait (gamma) and among-lineage (relaxed clock) rate variation. An undirected 
Brownian motion model was applied to the continuous (size) data. Tests for directionality 
using PGLS as implemented in Bayestraits (26) (SM part D) confirmed no significant 
trends towards size increase or decrease across Theropoda as a whole  (9,10,27: Fig. S7), 
while rate-heterogenous diffusion models proved overparameterized (SM part C). The 
significance and robustness of retrieved patterns was corroborated using both: (1) 
Traditional parsimony methods for inferring phylogeny and ancestral body sizes (which 
have been argued to entail fewer assumptions but are consequently less powerful, and do 
not adequately measure uncertainty); and, (2) Parametric simulations (SM part E).
Body size, as proxied by log10 femur length (FL10), is highly phylogenetically 
conserved across theropods (Fig. 1), and there is a prolonged, directional trend in size 
reduction within the clade that spans at least 50 Ma and encompasses the entire bird stem
lineage from the very base of Theropoda, with rapid decreases in 12 consecutive branches
from Tetanurae onwards (Fig. 2). The ancestral tetanuran is inferred to be ~198myo and 
~163kg, and size then decreases along subsequent nodes as follows; neotetanurans / 
avetheropods (~174Ma, ~46kg), coelurosaurs (~~173Ma, ~27kg), maniraptorans 
(~170Ma, ~10kg), paravians (~167.5Ma, ~3kg) and birds (~163Ma, ~0.8kg). A similar 
trend is found for Dataset 2: FL10 again continuously decreases across all bird stem nodes 
from Tetanurae onwards, and there are similar estimated ancestral sizes and divergence 
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dates for each of the above clades (Fig. S5). Simulations demonstrate that this trend is 
much greater than that expected given a null model of non-directionality across the entire 
tree (P<0.05; SM part E).
This pervasive trend towards smaller body size along the avian stem lineage is the 
result of a previously unnoticed pattern; the oldest representatives of successively closer 
outgroups to birds tend to be progressively smaller. In both datasets used here (Figs 1, 
S5), major tetanuran clades branch off the avian stem in this approximate order (e.g. 3-
9,16,20,21,20); megalosauroids, allosauroids, tyrannosauroids, ornithomimosaurs, 
alvarezsauroids, oviraptorosaurs, dromaeosaurids and troodontids. Among the taxa 
sampled here, the oldest megalosauroid (Afrovenator) and allosauroid (Sinraptor) with 
preserved femora are inferred to be ~900-1600kg, the oldest tyrannosauroid (Guanlong) 
and ornithomimosaur (Harpymimus) are ~100kg, the oldest alvarezsauroid (Haplocheirus) 
is ~17kg, the oldest oviraptorosaur (Caudipteryx) is ~5kg, the oldest troodontid 
(Jinfengopteryx) and other taxa near the base of birds (Avialae), such as Archaeopteryx 
and Aurornis, are consistently ~0.5kg. This size trend closely mirrors the phylogenetic 
arrangement of these clades along the bird stem, and is the primary pattern responsible 
for driving the trend of progressive size reduction in bird ancestors: the oldest taxon in 
each outgroup clade tends to be basal and exerts the strongest influence on the 
reconstructed body size in that part of the bird stem lineage, either because it is separated 
from the stem by chronologically short branch lengths (Bayesian Brownian motion model) 
or by few intervening nodes (parsimony reconstruction). Within most outgroup clades, 
there is concordance between phylogeny and stratigraphy (oldest taxa are generally basal:
Fig. 1); this increases confidence in the phylogenetic results as well as body size 
reconstructions. Both datasets reveal uncertainty in basal paravian relationships (e.g. 20); 
notably, however, Bayesian MCMC methods, unlike most other methods (e.g. supertrees),
fully integrate over such topological uncertainty (24,25). 
Our study is the first comprehensive analysis of rates of evolutionary innovation in 
dinosaurs, using 1549/421 anatomical (mainly skeletal) traits distributed across the entire 
body. A clear pattern emerges: branches along the bird stem undergo substantially faster 
morphological evolution than do others. In Dataset 1, every branch along the avian stem 
between Neotetanurae and birds (Fig. 3) evolves at least twice as fast as the average 
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theropod "background" rate: their average rate of change is 0.0319, which equates to 
3.19% divergence per lineage per Ma (range 1.96-5.33%), approximately four times as 
fast as the unweighted average branch rate across the entire tree (0.88% per lineage per 
Ma). In both datasets, rates are fastest in the middle region of the bird stem lineage, 
between the most recent common ancestors of Neotetanurae and Paraves; these peak 
rates are consistent with the near-simultaneous stratigraphic appearance (~160my) of 
several lineages in this part of the tree, notably Allosauroidea, Tyrannosauroidea, 
Compsognathidae, Alvarezsauroidea and Paraves. The same patterns are found in 
Dataset 2 (Fig. S6). They are also not artefacts of internal node age constraints, persisting 
in both datasets even if no age constaints (besides root age) are employed (SM part C). 
However, in such analyses the peak rates "spread out" onto more basal branches of the 
bird stem lineage.
Accelerated rates of innovation along the bird stem are potentially inflated by 
oversampling (by bird-centric researchers) of characters changing along the avian stem. 
However, there are three reasons suggesting that the strong rate patterns found here are 
at least partly real. First, our primary dataset (Dataset 1) attempted to avoid ascertainment 
bias by explicitly sampling characters across all branches of the theropod tree (including 
autapomorphies – not sampled in any previous studies). Second, Dataset 2 was largely 
constructed to infer relationships among alvarezsaurs (22) and thus likely over-sampled 
characters (and overestimated rates) within that relatively minor "side" clade: yet, nearly all
the fastest branches in Dataset 2 are on the bird stem. Third, Bayesian approaches 
"dampen" perceived rate heterogeneity by considering these patterns when (co)sampling 
topologies and branch lengths, and are thus more conservative in this respect than 
traditional sequential approaches. Ultimately, the potential effects of character over-
sampling will best be addressed by studies from independent investigators all aiming to 
explicitly sample all characters – including autapomorphies and, ideally, also invariant 
characters – in similar fashion to the collection of molecular sequence data.
These results reconcile contradictory studies identifying presence (4-8) or absence 
(9-11) of a trend towards size reduction in theropods. While there is no overall theropod-
wide trend (Fig. S7; SM part D), there is an exceptional trend within the single lineage that 
comprises the avian stem. This prolonged miniaturization is consistent with many aspects 
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of bird origins. Many traits that evolve along the shrinking bird stem lineage are potentially 
related to developmental truncation which often accompanies size reduction, regardless of
which trait is under primary selection (28), including short snouts, large brains and eyes 
(12), and smaller teeth with reduced serrations (29). Also, progressive elaboration of 
feathers along the bird stem, permitting more efficient insulation along with other functions,
might have facilitated the evolution of smaller body sizes. Sauropodomorphs (the closest 
outgroup to theropods) and adequately known basal theropods were entirely or largely 
featherless, basal-most coelurosaurs possessed only simple hair-like filaments, while 
ornithomimosaurs and maniraptorans possessed a range of more complex feather types 
(13,17,18,20). Finally, the evolution of many bird innovations along the avian stem would 
have been facilitated by smaller body size, including the reorganisation of body mass 
balance, the increasingly horizontal (and biomechanically demanding) orientation of the 
femur, a stiffened tail, greater agility and cursoriality, and arboreal and aerial habits (1-
8,12-18). Because size reduction, feather elaboration, paedomorphism, and other 
anatomical novelties permitted by small size all evolved cumulatively along the bird stem, 
identifying the primary driver of this trend is probably impossible. It is likely that all traits 
influenced and provided the context for the evolution of others (30). 
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Figure 1. Body size is highly conserved within theropod dinosaurs; birds and their closest 
relatives are consistently small. Bayesian MPP consensus tree and size reconstructions from 
Dataset 1: branches are coloured according to inferred body size (indexed by log10 femur length), 
with ancestral values for nodes along bird stem lineage shown. All taxon names and size values for
all nodes and tips are in Fig. S1; posterior probabilities of all clades are in Fig. S2. Parsimony 
analysis and reconstructions reveal similar conservatism (Fig. S8), as did Bayesian and parsimony 
analysis of an alternative dataset (21,22: Fig. S5, S9). Abbreviations: Allo - Allosauroids, Tyranno - 
Tyrannosauroids, Compso - Compsognathids.
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Figure 2. Sustained miniaturization along the bird stem lineage is unique amongst theropod 
dinosaurs. (a) Theropod tree from Dataset 1 (Fig. 1), with branches color-coded according to 
whether body size decreases (pink) or increases (blue). Pink branches span basal theropods to 
birds; in contrast, the rest of the tree shows no comparable “run” of decreases or increases. 
Parsimony analysis gives consistent results (Fig. S8), as do analyses of Dataset 2; (21,22: Figs S5, 
S9). (b) Evolution of body size through time along the bird stem lineage. Plot of body size versus 
age of successive nodes (‘ancestors’) along the bird stem lineage (from Fig. 1). Y axis (left) shows 
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femur length, Y axis (right) shows inferred body size (23). Curves represent results from Datasets 1 
and 2; both indicate a sustained, unreversed size decrease commencing ~200mya, with the next 12 
or more consecutive nodes each being smaller than the preceding.
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Fig. 3. Elevated rates of anatomical (skeletal) innovation in the bird stem lineage. Branches 
are color-coded according to the rate of morphological evolution across all 1549 discrete (mainly 
skeletal) characters in Dataset 1 (blue= up to ~0.5% per Ma, green= ~2-3% per Ma, pink= >4% per 
Ma; exact rates in Fig. S3). The fastest anatomical innovation occurs along the bird stem lineage, 
especially in basal tetanurans. Taxon names and timescale are shown in Fig. 1. The same pattern is
found in Dataset 2 (21,22: Fig. S6). 
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Materials and Methods
A. Phylogenetic Datasets
Two of the largest current datasets encompassing all theropods, with very different taxon 
and character sets, were analysed: patterns found in both datasets are thus likely to be 
general across all theropods. (1) Dataset 1 is new to this study and consisted of 120 
theropod taxa and 1549 characters. It is the largest phylogenetic matrix for theropods ever 
compiled, expanded from (20) though the addition of 49 new characters and 28 taxa (with 
9 fragmentary or immature taxa removed). Bayesian methods require sampling of all 
characters including those which are invariant (same across all taxa) and autapomorphic 
(unique specialisations of single taxal, typically excluded due to being parsimony-
uninformative). This dataset is the only theropod data matrix to date which considers such 
characters: of the 1549 characters, 114 were invariant and 184 were autapomorphies.  
The character list, sources of anatomical information, and the character-by-taxon matrix 
are archived on Dryad (see below). (2) Dataset 2 is a recent published dataset consisting 
of 100 theropod taxa and 421 parsimony-informative characters (21,22; expanded from 8).
As with nearly previously published phylogenetic datasets, autapomorphies were not 
sampled.
171
B. Stratigraphic, Body Size and Body Mass Data 
Stratigraphic data for each taxon was obtained from the primary literature, with the 
most recently published, well-corroborated age used; all data are archived on Dryad. 
Where published ages were given in stratigraphic units (e.g. stage or epoch), the dates for 
the relevant unit were taken from the ICS/IUGS International Stratigraphic Chart 
(www.stratigraphy.org/column.php?id=Chart/Time%20Scale).
Body size data for each taxon was obtained from the primary literature (Table S1). 
Femur length is the most commonly used proxy for body size in non-avian theropods (e.g. 
11, 15,27); it was the single measurement most predictive of body size (r=0.995: 23) and 
is also a commonly-preserved feature measurable in many taxa. It exhibits a relatively 
constant relationship across non-avialan theropods including non-avialan Paravians (6; 
see below). Only measurements from typical adult specimens were used; measurements 
from specimens which were identified as definitely or likely juvenile were not used (those 
taxa were scored as missing data if no other adult measurements were available). To 
reduce heteroscedasticity, all femur length measurements were log10 transformed (23); 
thus, a doubling of femur length along a branch always results in the same increase in this 
quantitative trait (log10 2 = 0.301), regardless of absolute ancestral and descendant size. 
Log10 Femur Length (hereafter FL10) for all ancestral nodes was co-estimated 
simultaneously with phylogeny (in the Bayesian analyses), or optimized on the most-
parsimonious tree (in the parsimony analyses). Conversion of femur length to body size 
was based on the tight (r=0.995) empirical relationship (23):
Log10 BodyMass (kg) = -6.288 + 3.222 Log10 Femur length (mm)
We apply this formula to infer ancestral body sizes within theropods only up to Avialae 
(Fig. 3), where it is highly predictive of "size", whether measured as mass (23) or snout-
vent length (6). We do not use it to make any inferences about mass on branches within 
Avialan theropods, due to changes in femur morphology and allometry in these taxa due to
adaptations for flight and/or diving, and femoral reorientation (e.g. 6,13). Application of 
bird-specific regressions might produce accurate estimates. Hence, our discussion (e.g. 
Fig. 2) focuses on body size evolution in the avian stem lineage only up to Avialae, but not 
beyond.
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It should be noted that use of this formula still returns reasonably reliable weights 
even for basal Avialans such as Archaeopteryx: its femur length and the above regression 
yields a weight of ~453g, consistent with most studies (e.g. 31, 32). However, it contradicts
the anamolously low weight of 132g estimated in Table S4 in ref (14). This discrepancy 
might be related to some skeletal measurements of Archaeopteryx in Table S3 in ref (14) 
being considerably smaller than values published here (Appendix 5) and elsewhere (33).
C. Bayesian Analyses (simultaneous inference of phylogeny and character 
evolution)
The BEAST package (24), which implements Markov-Chain Monte Carlo Bayesian 
methods for estimating phylogeny and associated traits, has 5 capabilities that make it 
uniquely applicable to this dataset.  In particular, BEAST models for inferring dated 
phylogenies using DNA from viruses sampled across real-time are fundamentally 
analogous to models required for inferring dated phylogenies using morphological traits 
from fossils sampled across deep time. Similarly, "diffusion" models for inferring the 
geographic spread of viruses (in two dimensions) are broadly similar to Brownian motion 
models of body size evolution (in a single dimension). The only other potentially relevant 
package, MrBayes (34) cannot implement methods 1, 2 or 5 from the list below, and was 
consequently not used.
(1) It can simultaneously infer tree topology, divergence dates (lineage durations), 
and ancestral states for both discrete and continuous traits. All variables are co-estimated: 
for instance, all discrete and continuous traits directly contribute to the estimated 
phylogeny and divergence dates (continuous traits are not “mapped onto” a pre-
determined phylogeny). However, in the current analysis, tree topology and branch lengths
are largely determined by the discrete characters, due to the large number of discrete 
traits (1549 or 421), and the single continuous trait (body size).
(2) It can implement likelihood-based models of evolution for both discrete and 
continuous morphological traits. Discrete characters are modeled using the Lewis (35) 
Markov model which allows ordering of multistate characters (if desired), and also 
accommodates variability in rates of evolution among characters (using the gamma 
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distribution) and across lineages (using relaxed clocks, 25). Continuous traits are modeled 
using a Brownian motion process (36); as with discrete characters, the “rate” of Brownian 
motion can be constant throughout the tree (strict clock) or can vary across lineages 
(relaxed clock).
(3) It assesses uncertainty for each parameter, taking into account the uncertanties 
for every other estimated parameter. For instance, uncertainty in body size reconstruction 
takes into consideration not only uncertainty inherent in the chosen reconstruction model 
(e.g. rate-constant Brownian motion), but also uncertainty in tree topology and divergence 
dates.
(4) It can directly infer dated phylogenies where the terminal taxa differ in 
stratigraphic age, i.e. it estimates the optimal phylogeny and lineage durations that best 
explain the stratigraphic distribution and characters exhibited by the terminal taxa (34,37). 
Traditional phylogenetic methods only infer tree topology (branching sequence): lineage 
durations are often arbitrarily ascertained, e.g. to match the stratigraphic dates and 
minimise ghost lineages. In contrast, BEAST (and MrBayes) directly infers lineage 
durations and phylogeny which best fit the combined stratigraphic and character data (37)
(5) In addition to calibrating trees via tip ages (see 4), it can also enforce traditional 
node calibrations, where the ancestor of a particular set of taxa is constrained to be a 
certain age (or age distribution), without topological constraints. Unlike all other dating 
programs, BEAST does not require enforcing the monophyly of calibrated groups. Thus, it 
is possible to calibrate a tree yet leave phylogenetic relationships totally unconstrained (to 
determined by the character data); the calibration applies to the most recent common 
ancestor of a given set of taxa, regardless of whether or not they form an exclusive clade. 
In contrast, all other dating software (including MrBayes) enforces monophyly of calibrated
taxon sets.
Simultaneous estimation of evolutionary rates, topology and divergence dates is 
now a standard practice in molecular phylogenetics and has been argued to superior at 
identifying global optima that best fit all relevant parameters (e.g. 25).  In the current 
context, it should be noted that this approach yields conservative estimates of rate 
changes, by attempting to dampen extreme rates via changes in branch lengths or 
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topology. In particular, the need to infer implausibly fast rates could be removed either by 
minor stretching of very short branches (which barely affects overall tree shape), or by 
accepting a marginally less parsimonious tree that is much more stratigraphically 
consistent (and which cannot be rejected by topology tests). In contrast, fixing topology 
and divergence dates before calculating rates will often retrieve extremely short branches 
with implausibly fast rates (at an extreme, zero-length branches with infinitely fast rates: 
38). Hence, simultaneous analysis of rates and tree shape results in lower (ie 
conservative) estimates of rate variability than sequential analysis (e.g. 39).
Each dataset was analysed in BEAST, using the Lewis (35) Markov model for the 
discrete characters; characters which formed morphoclines were ordered (see Appendix 
3). All (ordered and unordered) discrete characters were treated as a single partition for 
estimating relevant parameters (e.g. mean rate, gamma). The most appropriate model for 
each dataset was chosen using Bayes Factors (BF) sensu Kass and Raftery (40), i.e. 
twice the difference in marginal Logn likelihoods.  The latter were estimated in Tracer (41), 
which implements the refinement by Suchard et al. (42). For both Datasets 1 and 2, BF 
strongly favoured inclusion of the gamma parameter for among-character rate 
heterogeneity (BF 1302 & 125 respectively), and a relaxed (uncorrelated lognormal) clock 
over a strict clock for among-lineage rate heterogeneity (BF 2928 & 920 respectively). The 
relaxed clock analysis employed (see below) also returned very high variation in 
evolutionary rates across branches, again inconsistent with a strict clock (ucld.stdev mean 
exceeding 1 and 95% HPD not abutting 0). The overall rate across the tree was given a 
very wide (conservative) uniform prior spanning 0 to 1000 changes per Ma (ie no change 
to extraordinarily fast rates). All characters were treated as independent. Character 
independence is a central assumption of all standard methods for phylogenetic inference 
(likelihood, parsimony, phenetics, and Bayesian). However, as organisms are integrated 
entities, this assumption is almost certainly violated in all real datasets (especially 
morphological ones), leading to potential errors such as over-confidence of related 
parameters, such as over-estimated clade probabilities. 
The continuous trait (FL10) was analysed using a Brownian model, with the tree-
wide evolutionary rate/variance empirically estimated from the data using BEAST, using 
the relatively uninformative default prior (36). Analyses with relaxed clocks (branch-specific
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evolutionary rates) proved over-parameterized, with meaninglessly wide confidence 
intervals for rates on most branches. Additional (directed) models were tested with 
Bayestraits, which concluded the undirected model (as implemented in BEAST) was 
adequate.
Lineage durations (branch lengths) are integral to Brownian motion models, since 
large changes are less likely on short branches. Thus, the reconstructed ancestral value 
for a node will be most influenced by fossil taxa separated from that node by short branch 
lengths. For instance, the node representing the ancestral tyrannosauroid is reconstructed 
as small (FL10=2.49, ~54kg; see Fig. 1), consistent with previous proposals (43-45). Even 
though two included taxa (Yutyrannus, Tyrannosaurus) are huge, the small Guanlong 
(FL10=2.54, ~81kg) is closest to the ancestral tyrannosauroid node in terms of branch 
lengths, and exerts the strongest influence on the reconstructed state.
Analyses were conducted using (1) only a single root age constraint, or with (2) two 
additional internal constraints; both yielded qualitatively similar size and rate trends. The 
age of each constrained clade was given a uniform prior, between the maximum age and 0
Ma. In practice, clade ages younger than the oldest included taxon are not sampled; 
however, as clade content is variable across MCMC samples (because monophyly is not 
enforced), this effective younger bound varies.
(1) The root age constraint consisted of the maximum age for Theropoda and was 
set at 246Ma, as this substantially pre-dates the earliest robust record of dinosaurs 
(~230Ma: 46-48), and even the earliest potential dinosaurs (~243Ma: 49). There is a rich 
global archosaur record in the Lower Triassic (~246-251Ma) which does not contain any 
unequivocal dinosaurs. (2) The first internal constraint consisted of a plausible upper limit 
(168.3 Ma) on the age of Paraves. This substantially pre-dates the earliest unequivocal 
paravians Anchiornis, Aurornis and Xiaotingia at ~159Ma (see Appendix 6), and is the 
same age as the oldest possible evidence for paravians, consisting of footprint evidence 
acknowledged to be of questionable stratigraphy and taxonomic affinity (50). The second 
internal constraint consisted of a plausible upper limit (175Ma) on the age of 
Neotetanurae. This substantially pre-dates the earliest unequivocal neotetanurans (the 
allosauroids Xuanhanosaurus qilixiaensis, Yangchuanosaurus zigongensis and 
Shidaisaurus jinae, all of undetermined age within the Middle Jurassic (51), and the 
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coelurosaur Proceratosaurus bradleyi from the Bathonian (52). There is a rich Lower 
Jurassic (175-200Ma) theropod fossil record that does not include any neotetanurans or 
even undisputed tetanurans. The oldest undisputed tetanurans are ~175Ma (53), though 
there are potential tetanurans at about 196Ma (e.g. Eshanosaurus: 54).
The character matrix (with age and size data) for Datasets 1 and 2 with BEAST 
commands for the analysis enforcing root and internal constraints is archived on Dryad. All
analyses were performed in BEAST 1.7 and 1.8 (24), on the e-research SA (erSA) 
computer grid. Each BEAST analysis involved 6 replicate runs (with different random 
starting trees and random number seeds). Each of the 6 replicate runs involved 30 million 
steps with sampling every 5000 generations, with a burnin of 5 million steps. Convergence
(stationarity) in numerical parameters was identified using Tracer (41): broadly 
overlapping, non-trending traces across all replicate runs for every parameter, with 
effective sample sizes (ESS) of every parameter exceeding 100. Convergence for both 
datasets was reached before the relevant burnin, and the post-burnin parameter and tree 
samples were retained for analysis and concatenated using LogCombiner in the BEAST 
package. Estimates (mean and 95% highest posterior density) for all numerical 
parameters were generated using Tracer (41). Convergence in topology was assessed 
using AWTY (55), with posterior probabilities of splits of post-burnin trees always highly 
correlated across the replicate runs. The maximum clade credibility (MCC) consensus tree
using mean branch lengths was obtained using TreeAnotator in the BEAST package, 
together with estimates (mean and 95% highest posterior density) of tree-based 
parameters, including posterior probabilities, divergence dates, lineage durations (branch 
lengths), rates of morphological evolution (discrete characters), and ancestral state 
reconstructions for femur length / inferred body size (continuous character). The final 
summary trees with node values were generated using TreeAnotator and visualized via 
FigTree (56).
Dataset 1. The dated maximum clade credibility (MCC) tree (with branch lengths in 
Ma) is shown in Fig. 1 & S1 with inferred ancestral states for femur length/body size, in 
Fig. S2 with posterior probabilities for each clade, and in Fig. 3 & S3 with rates of evolution
on each branch (numerical values, in % divergence per Ma). These results are discussed 
in the main text. The dated MCC with branch lengths in terms of amount of morphological 
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evolution is shown in Fig. S4; despite the elevated rates along the bird stem lineage, the 
absolute amounts of change along the branches near the origin of Avialae are rather 
small, emphasising the morphological continuum between birds and non-avian dinosaurs 
(e.g. 1,2,12,14.20).
Dataset 2. The dated MCC tree (with branch lengths in Ma) is shown in Fig. S5 
branches coloured according to reconstructed body size; absolute values are also given. A
pattern of consistent, unreversed size reduction along the avian stem (from Tetanurae 
upwards) is again found. Fig. S6 shows the tree branches coloured according to rates of 
change, along with rates for each branch. Because this dataset did not sample 
autapomorphies, rates on terminal branches are almost certainly underestimates. Even so,
the pattern is similar to dataset 1: the Avian stem exhibits consistently faster rates of 
evolution than the rest of the tree, even when only internal (non-terminal) branches are 
considered.
D. Testing for Trends: PGLS
The presence or absence of an overall trend towards size decrease (or increase) in 
the dataset was determined using PGLS one of the most powerful methods for detecting 
temporal evolutionary trends (57). BayesTraits (26) can implement a range of models of 
continuous trait evolution, in a fully Bayesian framework integrating across different 
sampled tree topologies and branch lengths. An undirected Brownian motion model was 
tested against a model which also included a trend parameter (beta); in the latter model, 
the size of each descendant node is predicted jointly by the ancestral node, the estimated 
rate of Brownian motion ("variance"), and the trend parameter. Analyses employed 1000 
primary (ie sampled) trees from each dataset, and default BayesTraits priors. Both 
datasets exhibited no significant overall trend towards larger or smaller body size across 
all theropods (Fig. S7AB). Adding the trend parameter did not improve model fit (Dataset 1
- BF =0.14; Dataset 2 - BF = 0.07), and the estimated trend parameter was insignificant 
(Figure S7AB), with the 95% HPD interval broadly encompassing 0 (Dataset 1, 
mean=0.0015, HPD = -0.0012 to +0.0042; Dataset 2, mean = 0.0011, HPD = -0.0017 to 
+0.0037).  Thus, both datasets do not exhibit a trend towards body size increase or 
decrease with time, when the overall tree is considered. This is consistent with recent 
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results for three theropod subclades, which showed no directionality in these clades 
despite expected size trends due to herbivory (27).
To test for a significant trend on the bird stem lineage, we repeated the PGLS 
analysis (26) on the relevant subtree in each of the 1000 sampled trees. This subtree 
spanned the outgroup to the bird clade; all other taxa were pruned from each sampled tree
(Fig. S7C). Only Dataset 1 sampled sufficient bird taxa to employ this test. This test is also
conservative because the tested trend along the bird stem lineage will be diminished by 
any non-directionality on the other remaining branches (i.e. branches leading to the 
outgroup, and within birds). To reduce this effect, bird taxa on very long tip branches were 
also pruned (Fig. S7C). Despite the conservative nature of this test, addition of the trend 
parameter significantly improved model fit (BF =18.6) and accordingly the estimated trend 
parameter was significantly negative (mean = -0.0066, HPD = -0.0120 to -0.0007), 
indicating a significant trend of size reduction with time.
E. Testing for Trends: Parametric simulations
Parametric simulations ("bootstraps") were performed to test if the observed consecutive 
run of size reductions along the bird stem lineage could have been generated 
stochastically, under a null model where size increases or decreases randomly across the 
entire phylogeny.
Missing tip data can inflate inferred trends, because inferred ancestors at certain 
nodes are directly inferred from nodes above and below (rather than via tip data). To 
remove this bias, the phylogeny in Fig. S1 was pruned down to the 87 taxa which all had 
size (FL10) information. We then inferred the evolution of size along this phylogeny using 
the Bayesian analyses discussed above, on this pruned, fixed topology. These analyses 
retrieved a pattern identical to that depicted in Figs 1 and 2: the longest "run" of 
consecutive size reductions in this 87-taxon tree was 27, and spanned all of the bird stem 
lineage.
We then simulated the evolution of size along this phylogeny, using an undirected 
Brownian motion model in Mesquite (58); the root value (2.679) and rate of change / 
variance (0.045 per Ma) matched that inferred by BEAST from the actual data (BEAST's 
retrieved rate of 7.7 scaled by tree height of 173). We also confirmed that the simulations 
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using a rate/variance of 0.045 yielded variation in tip values very similar to the actual 
values (e.g. similar range between largest and smallest sizes). Because the actual 
ancestral values for the real tree are not known (only tip values are known, ancestral 
values are inferred via the Bayesian analyses described above), we treated the simulated 
data in exactly the same way. We used the tip values at the simulations and inferred nodal
values using the same methods used for the real data. Only 20 such simulations could be 
completed due to high computational burden. Across these 20 simulations, longest run of 
size increases was 14 (mean = 8.5), and longest run of decreases was 20 (mean = 10.7); 
the observed value of 27 decreases exceeds both these values substantially. These 
results suggest that the trend observed in the real data is too persistent to have been 
generated by chance, and is significant at least at to P=0.05 (the smallest value that can 
be retrieved given 20 simulations).
F. Parsimony Analyses and Character Optimisation
Parsimony analysis and optimization was also employed, to test the robustness of 
the above trends to alternative methodologies. These methods are very different to the 
Bayesian likelihood methods above: for instance, in a parsimony framework, temporal 
duration (length) of branches is irrelevant to both phylogenetic inference or character 
optimization.
Each dataset was analysed in PAUP* (59), using search settings aimed at sampling
as many tree islands as possible [HSEARCH addseq=random nreps=1000 nchuck=1000 
chuckscore=1]. Both Datasets 1 and 2 resulted in >100000 most parsimonious trees 
(MPTs); many more presumably exist but could not be retained due to memory 
constraints. However, the strict consensus tree obtained for Dataset 2 matched that from a
previous parsimony analysis of the same data (21), suggesting the correct overall 
consensus topology was retrievable from the pools of sampled trees in both analyses. The
strict consensus for both datasets contained large polytomies, and characters should not 
be optimized on such consensus trees, as they are not optimal trees, and imply much 
more homoplasy that any of the individual MPTs (e.g. 60). Hence, a majority-rule 
consensus was obtained from the sampled MPTs (Figs. S8, S9), which was fully resolved.
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Body size was optimized onto the trees from Datasets 1 and 2 using both linear and
square-change parsimony in Mesquite (58). Both methods produced similar results, so 
only linear parsimony results are presented (Figs. S8, S9). Both datasets 1 and 2 indicate 
that body size consistently decreased, or remained unchanged, along every branch of the 
bird stem lineage from neotetanurans upward. Similar results have been obtained with 
parsimony analysis of a dataset of tetanurans (7). Thus, the parsimony analyses are 
consistent with the more parameterized Bayesian models, and demonstrate that the trends
observed here are robust to different models and assumptions.
G. Data Archived on Dryad Digital Repository (http://dx.doi.org/10.5061/dryad.jm6pj)
1. Character list for Dataset 1 in Word format (Dataset 2 is available from 21).
2. Taxon list and sources of anatomical information for Dataset 1 in Word format (Dataset 
2 is available from 21).
3. Stratigraphic and size data for Datasets 1 and 2 in Excel format.
4. Nexus file for Dataset 1 as a plain text executable for PAUP (Dataset 2 is available from
21).
5. xml file for Dataset 1, a plain text executable for BEAST 1.7 or 1.8.
6. xml file 
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SUPPLEMENTARY FIGURES S1-S9
Fig. S1. Size evolution across the theropod-bird transition.  This is more detailed version of Fig. 1,
and represents the maximum clade credibility (MCC) tree from Dataset 1, with size information 
superimposed. All taxon names are shown, and size (indexed by log10 femur length) is shown for all tip
taxa (observed values) and all nodes (reconstructed values). 
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Fig. S2. Theropod phylogeny, based on the new morphological data matrix (Dataset 1). This tree
is the Bayesian MCC tree with posterior probabilities shown at nodes. Taxon order is identical to that 
in Fig. 1. Tree is colour-coded by clade: Black (and upwards) = Theropoda, Blue (and upwards) = 
Neotetanurae, Green (and upwards) = Maniraptora, Olive (and upwards) = Paraves, Pink = Avialae / 
Aves.
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Fig. S3. Rates of morphological evolution in theropods, based on Dataset 1. Bayesian MCC tree 
with mean evolutionary rates shown on each branch (percentage divergence per million years, across 
all 1549 discrete characters. A rate of 1% equates to a 0.01 probability of change per character per 
lineage per Ma). The bird stem lineage is consistently faster than the rest of the tree, with the fastest 
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rates occurring between Neotetanurans and Paraves (see also Fig. 3, main text, where branches are 
colour-coded according to rate). Tree is colour-coded by clade (see Fig. S2).
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Fig. S4. The dinosaur-bird continuum: Amounts of morphological evolution in theropods, 
based on Dataset 1. Bayesian MCC tree, with branch lengths scaled to the absolute amount (rather 
than rate) of evolutionary divergence across all discrete characters. The branch leading to “birds” 
(Aviale, Aves sensu lato) does not undergo exceptional amounts of evolution. Tree is colour-coded by 
clade (see S2).
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Fig. S5. Theropod phylogeny and body size evolution, based on Dataset 2. The same trend of 
continuous, unreversed size reduction along most of the bird stem lineage is found as in Dataset 1. 
Bayesian MCC tree with branches colour-coded according to body size as indexed by log10 femur 
length (compare with Figs. 1 and S1); numbers denote observed values at tips, or inferred ancestral 
values at nodes. Triangles denote size increases or decreases along the bird stem lineage (compare 
with Fig 2a), and size trends in this lineage are plotted in Fig. 2b. 
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Fig. S6. Theropod evolutionary rates, based on Dataset 2. Fast rates characterise the bird stem 
lineage, as in Dataset 1 (compare with Fig. 3). Bayesian MCC tree with branches colour-coded 
according to inferred rate of evolution (percentage divergence per million years, across all 1549 
discrete characters. A rate of 1% equates to a 0.01 probability of change per character per lineage per
Ma).
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Fig. S7. No overall trend in body size evolution across theropods, but a significant trend in the 
bird lineage. The estimated trend parameter (beta) from a BayesTraits (26) analysis across 1000 
sampled trees in (A) Dataset 1 and (B) Dataset 2. In both datasets, the mean estimate of the trend 
parameter is close to 0 (~0.0012) and the 95% highest posterior density (blue) encompasses 0. 
Adding this parameter also does not improve model fit (see S1_D). (C) Pruned subtree retaining the 
outgroup and basal bird taxa; this is the maximum MCC consensus of the pruned subtrees (1000 
sampled subtrees representing relationships among the retained taxa were used for actual analysis). 
(D) The estimated trend parameter (beta) from a Bayestraits analysis of the 1000 pruned subtrees; the
mean estimate is ~5x times the absolute magnitude than that for the full tree (-0.0066), and the 95% 
highest posterior density (blue) excludes zero.
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Fig. S8. Theropod phylogeny and size evolution based on parsimony (cladistic) analysis of 
Dataset 1. Majority-rule consensus of >100 000MPTs, with ancestral node reconstructions based on 
linear parsimony.  Branches are colour-coded according to size, as indexed by log10 femur length 
(blue=large, green=medium, pink=small); numbers at nodes are inferred values for size along the bird 
stem lineage. Where there is a range of equally-parsimonious values for a node, Mesquite (58) by 
default prints the lower value (shown here). Using the mean value or upper value does not change the
retrieved pattern.
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Fig. S9. Theropod phylogeny and size evolution based on parsimony (cladistic) analysis of 
Dataset 2. Majority-rule consensus of >100 000MPTs, with ancestral node reconstructions based on 
linear parsimony. Branches are colour-coded according to size, as indexed by log10 femur length 
(blue=large, green=medium, pink=small); numbers at nodes are inferred values for size along the bird 
stem lineage. Where there is a range of equally-parsimonious values for a node, Mesquite (58) by 
default prints the lower value (shown here). Using the mean value or upper value does not change the 
retrieved pattern.
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